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Editorial on the Research Topic
Hormone Action and Signal Transduction in Endocrine Physiology and Disease

The Frontiers Research Topic on “Hormone Action and Signal Transduction in Endocrine
Physiology and Disease” is a collection of 10 papers inspired by the meeting held at Semmelweis
University Budapest, August 16-17, 2018 in memory of Kevin J. Catt who passed away on October
1, 2017. Dr. Catt was a notable scientist who worked in areas related to receptors of protein and
peptide hormones and their actions via various signal transduction mechanisms in many tissues.
His interest was focused on the hypothalamo-adrenal axis as well as on the hormonal control of
reproductive organs. The collection of chapters authored by Dr. Catt’s disciples who spent time
under his mentorship reflects the legacy of Dr. Catt in these research areas. The Authors are well-
established and highly accomplished scientists who work on receptors, their signaling modalities
and on biological effects of hormones and neurotransmitters. Although not a former trainee, a
close collaborator of Dr. Catt has also contributed to this collection.

The chapters cover endocrine related functions in several organs including hypothalamus,
pituitary and adrenal gland, reproductive organs, fetal signals, and ovarian tumors. They
summarize recent advances and new discoveries on the functions of hormones, their signaling
pathways and their impact on physiology as well as on pathology of various neuro- and
somatic diseases.

Four of the Chapters focus on the hypothalamo-adrenal stress regulatory axis.

The Chapter by Antoni gives a historical perspective on the role of vasopressinergic neurons
located in the supraoptic and paraventricular nuclei in the control of ACTH secretion from the
anterior pituitary. This review covers an important topic, namely conditions under which the
feed-back inhibition by glucocorticoid hormones in pituitary corticotrophs is bypassed (termed
glucocorticoid escape) and the role of vasopressinergic neurons in the process.

The Chapter by Parra-Mercado et al. from the Hauger and Olivares-Reyes laboratories
investigates the signaling properties of the corticotropin releasing factor receptor (CRFIR) in
heterologous expression systems. This work teases out the contribution of tyrosine kinases, such
as Src and EGF receptors as well as the known antiapoptotic phosphatidylinositol 3-kinase (PI3K)
pathways in the control of ERK1/2 phosphorylation, the main signaling hub of CRFIR activation.

The Chapter by Clark and Chan. covers ACTH receptors (MC2R) that initiate activation and
signaling in the adrenal cortex. They highlight the importance of the adrenal accessory protein,
MRAP, which is essential for MC2R expression and its trafficking to the cell surface. The review
discusses the control of mRNA and protein expression of MC2R and MRAP by ACTH, as well as
the role of N-glycosylation in the stabilization of the MRAP homodimer. The dynamic association
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between MC2R and MRAP and its impact on ACTH receptor
desensitization also receives ample coverage. The role of these
processes in the control of adrenal zonation and cell renewal as
they relate to adrenal diseases, cancer, and aging are discussed
in detail.

The Chapter by Turu et al. from the group of Laszl6 Hunyady
focuses on the structure-function relationship of the AT1
angiotensin receptor, the main controller of mineralocorticoid
secretion from the adrenal cortex. The authors discuss the
structural features of the receptor that are critical for G protein
coupling and activation as well as for B-arrestin binding during
ligand engagement. They also highlight the fact that different
ligands can induce conformational changes that selectively favor
interaction of the receptor with their distinct protein binding
partners mediating various aspects of their signaling. These
findings offer new opportunities for pharmacological modulation
of G protein and f-arrestin mediated signaling effects of G-
protein coupled receptors independently.

Five chapters cover research areas related to the reproductive
system. The central role of FSH, acting in concert with androgens
in shaping pulsatile LH secretion is a major topic of interest. The
effects of these hormones on Sertoli cell gene expression receive
in-depth coverage and so does the Involvement of paracrine
signals that are essential for the progress of spermatogenesis.

Bjelobaba et al. from the Stojilkovic group describe single
cell RNA profiling studies from pituitary cells that revealed
that gonadotroph cells display uniques expression patterns of
osteopontin and its sibling, Dentin matrix protein 1. The authors
discuss the implication of these factors in defining the tissue
architecture of the anterior pituitary and its possible response to
changes in the reproductive cycle and during tumorigenesis.

Meroni et al. from the Cigorraga group present an extensive
overview on the hormones and locally produced factors as well
as their signal transduction pathways and molecular mechanisms
that control Sertoli cells proliferation and maturation. These
data highlight mechanisms by which the number of Sertoli
cells is controlled, which is an important determinant of the
spermatogenic capacity of the testis. The review also discusses
possible harmful effects caused by exposure to pollutants and
frequently used pharmaceutical products in premature decrease
in Sertoli cell number and impaired spermatogenesis.

Mendelson et al. review the factors that control myometrium
contractility during pregnancy, with special emphasis on
changes that contribute to the initiation of labor in humans
and rodents. The authors discuss mechanisms by which
progersterone, acting through various progesterone receptor
isoforms, maintains myometrial quiescence during pregnancy.
They also describe changes that underlie the decline in
progesterone receptor function, leading to initiation of labor and

the roles of miRNAs regulated by estradiol and progesterone in
these processes.

Dufau and Kavarthapu describe the essential role
of GRTH/DDX25, an RNA helicase, in the process of
spermatogenesis. This helicase, discovered in the Dufau
laboratory, is responsible for the elongation process of round
spermatocytes. The biochemical events and various genes that are
involved (mRNA transport/ translation) by the GRTH/DDX25
helicase receive ample coverage. The regulation of GRTH by
androgens through an increases in the level of the transcription
factor GCNF in round spermatids establishes a paracrine
interplay between Sertoli cells and germ cells. Inhibition of
the phosphorylation of GRTH is currently being pursued by
this group as a potential orally active and reversible male
contraceptive strategy.

Tocci et al. from the group of Bagnato review the importance
of Endothelin-1 Receptor (ET-1R) and its signaling in the
development of ovarian cancer and discuss new therapeutic
approaches interfering with this system. They describe how ET-
IR and PB-arrestin-1 mediated signaling contribute to tumor
progression in the ovary and describe combinatorial approaches
as potential means to block these pathways.

Lastly, Latif et al. from the Davies laboratory describe recent
progresses in developing small molecules that could stimulate
TSH receptors, specifically engaging the Ggq-phospholipase
C pathway for pharmacological control of thyroid hormone
secretion. They authors review the properties of a new agonist
that activates cross-talk between the Ca?* and cAMP messenger
systems and discuss its potential use in controlling proliferation
of thyroid cells.

The collection of these chapters not only honors the Dr.
Catt and his scientific legacy but will undoubtedly inspire both
new investigators and established scientists to advance these
important research areas with their own research.
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Silvina Beatriz Meroni, Maria Noel Galardo, Gustavo Rindone, Agostina Gorga,
Maria Fernanda Riera and Selva Beatriz Cigorraga*

Centro de Investigaciones Endocrinoldgicas “Dr César Bergada” CONICET-FEI-Division de Endocrinologia Hospital de Nifios
Ricardo Gutiérrez, Buenos Aires, Argentina

Sertoli cells are somatic cells present in seminiferous tubules which have essential roles in
regulating spermatogenesis. Considering that each Sertoli cell is able to support a limited
number of germ cells, the final number of Sertoli cells reached during the proliferative
period determines sperm production capacity. Only immature Sertoli cells, which have
not established the blood-testis barrier, proliferate. A number of hormonal cues regulate
Sertoli cell proliferation. Among them, FSH, the insulin family of growth factors, activin,
and cytokines action must be highlighted. It has been demonstrated that CAMP/PKA,
ERK1/2, PIBK/Akt, and mTORC1/p70SK6 pathways are the main signal transduction
pathways involved in Sertoli cell proliferation. Additionally, c-Myc and hypoxia inducible
factor are transcription factors which participate in the induction by FSH of various
genes of relevance in cell cycle progression. Cessation of proliferation is a pre-requisite
to Sertoli cell maturation accompanied by the establishment of the blood-testis barrier.
With respect to this barrier, the participation of androgens, estrogens, thyroid hormones,
retinoic acid and opioids has been reported. Additionally, two central enzymes that
are involved in sensing cell energy status have been associated with the suppression
of Sertoli cell proliferation, namely AMPK and Sirtuin 1 (SIRT1). Among the molecular
mechanisms involved in the cessation of proliferation and in the maturation of Sertoli
cells, it is worth mentioning the up-regulation of the cell cycle inhibitors p21Cip1, p27Kip,
and p19INK4, and of the gap junction protein connexin 43. A decrease in Sertoli cell
proliferation due to administration of certain therapeutic drugs and exposure to xenobiotic
agents before puberty has been experimentally demonstrated. This review focuses on
the hormones, locally produced factors, signal transduction pathways, and molecular
mechanisms controlling Sertoli cell proliferation and maturation. The comprehension of
how the final number of Sertoli cells in adulthood is established constitutes a pre-requisite
to understand the underlying causes responsible for the progressive decrease in sperm
production that has been observed during the last 50 years in humans.

Keywords: Sertoli cells, proliferation, maturation, signal transduction, xenobiotics
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Sertoli Cell Proliferation

INTRODUCTION

Sertoli cells represent one of the most complex cells in the
organism. Not only because of their three-dimensional structure
but also due to their function to create a unique environment
which allows germ cell development. The concept of “nurse cells”
is widely used to refer to this cell type as they create a complete
lining within the tubular walls which envelope spermatogenic
cells. They also, by virtue of tight junction formation, constitute
the main component of the blood testis barrier (BTB).

Positive correlations between total Sertoli cell number and
the daily sperm production in several species, including humans,
have been reported (1-3). This relationship exists because
each Sertoli cell is able to sustain a limited number of
germ cells (4). Thus, it may be concluded that appropriate
development of the Sertoli cell population, with respect to their
number and functionality, will determine spermatogenic capacity
through adulthood.

Only immature Sertoli cells proliferate and, even when there
are differences between species as to the pre-dominant periods
of mitotic activity, it is generally accepted that proliferation
stops at puberty in most species (5). Thus, the regulation
of Sertoli cell proliferation—determining the final Sertoli cell
number—and cessation of the proliferation concomitant with
maturation—establishing adequate cell function—constitutes the
foundation of adult testicular function and occurs in fetal and
early postnatal life.

From the initial studies of Sertoli (6) significant advances
have been made in understanding the functionality of this cell
type. It is well-known that the gonadotropin Follicle-Stimulating
Hormone (FSH) and also androgens regulate the proliferation
and functional maturation of this cell type. In addition to these
classical hormones, a great number of locally produced factors
participate in the regulation of Sertoli cells reflecting one of the
most representative examples of cell-cell communication (7).

Noticeably, while a huge number of reports deal with the
regulation of several aspects of Sertoli cell physiology and at least
two books of biblical proportions have been published (8, 9),
much less is known on the regulation of proliferation of this cell
type. Clermont and Perey (10) performed the earliest quantitative
study of Sertoli cell proliferation based on the analysis of the
percentage of Sertoli cells undergoing mitosis. More than 10 years
later, Steinberger and Steinberger (11) utilizing organ culture
pulsed with [*H]-thymidine and determining the labeling index
showed that this index decreased with the age of the animal. A few
years later, Griswold et al. (12) showed that FSH stimulates DNA
synthesis and mitosis of immature Sertoli cells in culture and
that mitotic activity is limited to immature cells. Furthermore,
studies performed by Orth (13, 14) identified fetal and postnatal
life in the rat as moments of high mitotic activity. From these
initial studies that established the basic concepts on Sertoli
cell proliferation a great number of investigators have tried to
deeply understand the molecular mechanisms underlying this
physiological process.

Increasing evidence for the quantitative and qualitative
decline in human sperm over the past few decades has been
presented (15-17). A recent study by Levine et al. (18) reported

a 50-60% decline in sperm counts. The reasons for this decline
are not clear yet, but modern lifestyle may be a cause (19-22).
A variety of factors including those that affect Sertoli cell
proliferation and maturation at cessation of mitosis might be
somehow related to the impairment observed in seminiferous
tubule function. Our review will highlight molecular mechanisms
related to the above-mentioned processes, i.e., proliferation
and maturation, which may be affected by exposure to certain
therapeutic drugs or pollutants.

MAIN FACTORS INVOLVED IN THE
STIMULATION OF SERTOLI
CELL PROLIFERATION

Even though a considerable variation in the number of Sertoli
cells among members of the same specie exists, it is assumed that
the final number of Sertoli cells in adults results from events in
fetal, neonatal or peripubertal life (23). Therefore, the hormones
and locally produced factors as well as signaling pathways and
molecular mechanisms involved in the stimulation of Sertoli cell
proliferation are crucial to define sperm production in adult
animals. Current knowledge of the roles FSH, the insulin family
of growth factors, the activins and cytokines play in Sertoli cell
proliferation will be summarized in the following sections.

Follicle-Stimulating Hormone

FSH is a gonadotropin synthesized and secreted by the
gonadotropic cells of the anterior pituitary gland. FSH consists
of two different glycoprotein subunits: a common o subunit,
which is present in other pituitary hormones, and a specific
B subunit, which confers its specific biologic action (24). FSH
is a central regulator of reproductive function in mammals.
Physiological effects of FSH are mediated by its association
with the FSH receptor (FSHR), a seven-transmembrane-domain
protein, which belongs to the G protein-coupled receptor
(GPCR) superfamily (25, 26). It is widely accepted that FSHR in
the male is expressed exclusively in Sertoli cells (27). Consistent
with the presence of receptors, FSH actions can be demonstrated
during fetal life and throughout postnatal lifespan. However,
the physiological response to FSH varies depending on the
state of maturation of Sertoli cells (5). FSH regulates Sertoli
cell proliferation only during fetal and early postnatal life,
whereas it regulates differentiation after cessation of mitosis
at puberty. The first demonstration of a stimulatory role of
FSH in the proliferation of Sertoli cells came from studies
of Griswold et al. (12, 28, 29). Other pioneering studies that
established the relevance of FSH in the regulation of Sertoli
cell proliferation consisted of in vivo procedures that lead to
diminished endogenous FSH levels -decapitation in utero or
addition of FSH antiserum to rat fetuses. These experiments
showed that, as a result of lower FSH levels, incorporation of
3 H]-thymidine in Sertoli cells decreased (14). In these studies,
it was also shown that FSH increases the number of Sertoli cells
in organ culture. In addition, it was shown that hemicastration
of 3-day-old rats evokes enhanced Sertoli cell proliferation in the
remaining testis that is accompanied by elevated levels of FSH,
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and that testosterone administration abrogates the compensatory
hypertrophy (30). This negative effect of testosterone on Sertoli
cell proliferation was interpreted to be a consequence of the
negative feedback on FSH secretion that testosterone exerts. The
importance of FSH in the regulation of Sertoli cell proliferation
was further confirmed by a study conducted by Almirén and
Chemes (31). The latter authors observed that Sertoli cell mitotic
index was reduced in immature rats with FSH withdrawal
accomplished by administration of high doses of testosterone
propionate, and that the index increased when FSH levels
were restored by injection of human FSH. Years later, the
results obtained utilizing gonadotropin-deficient hypogonadal
(hpg) mice treated with recombinant FSH (32, 33) or hpg mice
expressing transgenic FSH (34, 35) strengthened the role of FSH
in the regulation of Sertoli cell proliferation. Complementarily, a
reduction in Sertoli cell number in mice with a null mutation in
Fshr gene was observed (36-38).

Once the mitogenic role of FSH was convincingly
demonstrated, further studies focused on elucidating signal
transduction pathways involved in the regulation of Sertoli
cell proliferation triggered by the hormone. For more than 20
years, it had been widely accepted that the canonical Gs/cyclic
adenosine monophosphate (cAMP)/cAMP-dependent kinase
(PKA) pathway was the unique mechanism that contributed
to FSH actions (39, 40). The increase in [*H]-thymidine
incorporation in immature Sertoli cells caused by dibutyryl-
cAMP (dbcAMP) incubations (14, 29) was the first evidence
for the participation of cAMP-dependent pathways in the
regulation of Sertoli cell proliferation. Nowadays, growing
evidence indicates the complexity associated with FSH-induced
cellular signaling (41, 42). Crépieux et al. (43) showed that FSH
activates the extracellular signal-regulated protein kinases 1
and 2 (ERK1/2) pathway following dual coupling of the FSHR
both to Gs and to Gi heterotrimeric proteins, in a PKA- and
also Src-dependent manner, leading to cell cycle progression
through cyclin D1 induction and the concomitant proliferation
of Sertoli cells from immature rats. The complexity of the
signaling network triggered by FSHR is also reflected by the
activation of phosphatidyl-inositide-3 kinase (PI3K)/Akt/p70 S6
kinase (p70S6K) by FSH in proliferating Sertoli cells (44). More
recently, Riera et al. (45) showed that FSH regulates proliferation
through PI3K/Akt/mammalian target of rapamycin complex
1 (mTORCI) signaling pathway. At the molecular level, an
increase in phosphorylated (P)-Akt, P-mTOR, and P-p70S6K
levels induced by FSH in proliferative Sertoli cells was observed.
Additionally, FSH increased the levels of P-PRAS40, a substrate
of Akt and a component of the mTORCI, probably contributing
to improving mTORCI signaling. Furthermore, the decrease
in FSH-stimulated P-Akt, P-mTOR, P-p70S6K, and P-PRAS40
levels in the presence of a PI3K specific inhibitor emphasized
the participation of PI3K in FSH signaling. Additionally, the
inhibition of FSH-stimulated Sertoli cell proliferation by the
effect of specific inhibitors of PI3K and mTOR confirmed
the relevance of the PI3K/Akt/mTORCI signaling pathway in
the mitotic activity of FSH. These authors also showed that
FSH decreased the levels of P-AMP-activated protein kinase
(AMPK)—serine/threonine protein kinase that antagonizes

mTORC1 actions—and concluded that AMPK-dependent
mechanisms counteract FSH proliferative effects.

The intricate signaling actions of FSH are responsible for
extensive alterations in the expression of genes due to the
activation of a number of transcription factors in Sertoli cells.
In addition to cAMP response element binding protein (CREB)
(46), FSH modulates the transcriptional activity of: NFkB (47),
AP1 (48), c-Myc (49), hypoxia-inducible factor (HIF)1 (50), and
HIF2 (50, 51). The majority of the latter studies on transcription,
with the exception of those performed on c-Myc and HIF2, were
carried out in non-proliferative Sertoli cells and did not address
whether these FSH-activated transcription factors might be
involved in the regulation of Sertoli cell proliferation. Concerning
c-Myg, it was observed that c-Myc mRNA is clearly detectable
in Sertoli cells from 8-day-old rats but hardly detectable in
cells from those aged 14 and 28 days. Besides, it was observed
that FSH, in a cAMP-dependent manner, stimulates c-Myc
mRNA expression in Sertoli cells derived from 8- to 14-day-
old rats but has almost no effect in those derived from 28-
day-old rats (49). This age-dependent regulation of expression
strongly suggests a role of c-Myc in immature Sertoli cells. A
cAMP-dependent pathway is not the only one regulating c-Myc
expression as the involvement of PI3K signaling pathway has
also been demonstrated (45). As for HIFs, it was shown that
FSH upregulates the expression of HIF1la and HIF2a in Sertoli
cells obtained from 20-day-old rats (50), a developmental stage
in which rat Sertoli cells barely proliferate and have established
the BTB. On the other hand, in Sertoli cells obtained from 8-day-
old rats, a stage in which Sertoli cells are actively proliferating,
FSH upregulates only HIF2a levels (51). In addition, it is
worth mentioning that it has been observed that HIF1 and
HIF2 have the opposite effects on regulation of proliferation in
other cell types—while HIF2 promotes cell cycle progression,
HIF1 inhibits it (52, 53). The participation of HIF2 in the
regulation of proliferation by FSH was further confirmed by the
demonstration that inhibitors of HIFs down-regulate bromo-
deoxyuridine (BrdU) incorporation, cyclin D1 expression and
c-Myc activity stimulated by FSH in immature Sertoli cells (51).

In summary, FSH positively regulates the proliferation
of Sertoli cells by activating cAMP/PKA/ERK1/2 and
PI3K/Akt/mTORCI dependent-pathways, and by increasing the
transcriptional activity of c-Myc and HIF2 and the expression
of cyclin D1. The characterization of some of the signaling
pathways regulated by FSH has been an important step toward
the understanding of how this hormone promotes, on the one
hand, Sertoli cell proliferation during fetal and early postnatal
life and, on the other hand, maturation after cessation of mitosis
at puberty. Nevertheless, many of the mechanisms by which
FSH exerts its biological actions which, as mentioned above,
vary with the developmental status of the animal, remain to
be fully understood. Finally, yet importantly, the involvement
of FSH-promoted autocrine factors in Sertoli cell proliferation
should be considered.

Insulin Family of Growth Factors
The insulin family of growth factors—insulin, insulin like
growth factors I (IGF-1) and II (IGF-2) and relaxin- are small
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polypeptides that are responsible for the control of growth,
metabolism, and reproductive functions. IGF-1 and IGF-2, which
share 70% of their amino acid sequence, are ubiquitously
expressed unlike insulin that is expressed in the pancreatic
islets of Langerhans f-cells. The physiological effects of these
peptides are mediated through the activation of two related
tyrosine kinase receptors: the insulin receptor (InsR), and the
IGF-1 receptor (IGF-1R). Ligand binding activates receptor
tyrosine kinase activity and subsequently, phosphorylation of
tyrosine residues in the receptor itself and a set of proteins
known as insulin receptor substrates (IRS) occurs. Four IRS
proteins that initiate intracellular pathways, named IRS1-4, have
been identified (54). Activation of the receptor will lead to
stimulation of two major signaling pathways: PI3K and ERK1/2,
both of which are associated with proliferation, differentiation,
metabolism, and cell survival.

The members of this family that have been more extensively
studied in the context of testicular function are insulin and IGF-
1. Utilizing different approaches, crucial roles for both peptides in
testicular development were established. In their analysis of Igf-1
knock-out (KO) mice, Baker et al. (55) showed the importance
of IGF-1 for the development and fate of the mouse male
gonad. Sertoli cell characteristics were not evaluated in these
initial studies. Other studies, related specifically to Sertoli cell
proliferation, indicated that IGF-1 effects take place both during
embryonic and neonatal periods. It has been shown that Sertoli
cells isolated from embryonic mouse testis express IGF-1 and
IGF-1R and that IGF-1 treatment increases BrdU incorporation
and promotes cell cycle progression (56). Furthermore, IGF-1
receptors were identified in neonatal Sertoli cells (57, 58) and
a positive role of IGF-1 in regulating Sertoli cell proliferation
in cultured cells from different species (rat, pig, and bull) was
demonstrated (57, 59-61). Moreover, cultured Sertoli cells with
inactivated IGF-1R showed decreased BrdU incorporation and
cyclin D2 expression and increased p21Cipl and p53 protein
levels (62). As for the role of insulin, early studies showed that
insulin exerts proliferative effects as well as IGF-1, however, as
higher concentrations of insulin (micromolar) than those of IGF-
1 (nanomolar) were required to elicit biological responses, it
was suggested that insulin acted via IGF-1 receptors (63). More
recently, additional support to the concept that both peptides,
IGF-1 and insulin, are involved in proliferation of Sertoli cells was
provided by analyzing mice lacking Insr and/or IgfIr specifically
in Sertoli cells. Adult testes of mice lacking both Insr and IgfIr
in Sertoli cells (SC-Insr;Igfir) displayed a 72% reduction in testis
size and a 79% reduction in daily sperm production. Reduced
proliferation of immature Sertoli cells during late fetal and
early neonatal development in these animals was also observed.
However, despite the marked reduction in sperm production
they were fertile indicating that the absence of IGF signaling
in Sertoli cells does not impair spermatogenesis (64). As a
whole, these investigations established that insulin and IGF-1 are
essential components of the endocrine and paracrine network
that regulates Sertoli cell proliferation.

Regarding the signal transduction pathways elicited by
insulin/IGF-1 system in Sertoli cells, there is general agreement
that they can activate PI3K/Akt and ERK1/2 signaling pathways

and, additionally, that this is mediated by IRS2. With regard
to the latter, it has been shown that adult Irs2 KO mice show
a 45% reduction in testis weight, with a reduction in the
number of Sertoli cells, spermatogonia, spermatocytes, elongated
spermatids, and spermatozoa, whereas testicular development
in IrsI KO mice does not evince these reductions (65). A
reduced testicular size was observed as early as the neonatal
period, suggesting that testicular development impairment in
Irs2 KO mice also occurs in the fetal period. Altogether, these
data indicate that IRS2, by mediating IGF-1 signaling during
embryonic and early postnatal periods, plays a critical role in
testicular development. The role of the ERK1/2 pathway in
mediating IGF-1 effects on Sertoli cell proliferation had been
suggested in experiments showing that the effects of IGF-1 on
embryonic Sertoli cell proliferation were inhibited by a specific
ERK1/2 pathway inhibitor (56). Regarding PI3K/Akt pathway,
it has been shown that IGF-1 can stimulate this pathway in
immature Sertoli cells (60). However, a direct relationship of the
activation of PI3K/Akt pathway in mediating IGF-1 action in
Sertoli cell proliferation has not been determined yet.

Interestingly, the insulin/IGF-1 signaling pathway has been
proposed to play a role in mediating FSH effects in immature
Sertoli cells. Initial studies on the regulation of IGF-1 system
by FSH demonstrated that this gonadotropin stimulates IGF-
1 and inhibits IGF binding protein (IGFBP) 3 secretion in
Sertoli cells (66-69). By the fact that, in Fshr KO mice, testis
weight, and Sertoli cell numbers were reduced ~50% (70), while
in SC-Insr;Igflr KO mice, a greater reduction was observed
(64), it has been suggested that the effects of FSH on the
proliferation and differentiation of immature Sertoli cells are
mediated, at least in part, by IGF-1. Pitetti et al. (64) studied the
potential interaction between FSH and the insulin/IGF signaling
pathway. The authors utilized an experimental model consisting
of neonatal hemicastration of wild type and SC-Insr;Igflr KO
animals. While testis size and epididymal sperm counts were
increased in hemicastrated wild type males, no effects were
observed in hemicastrated SC-Insr;Igflr mutant mice. Moreover,
human recombinant FSH therapy did not increase testicular size
and sperm output in SC-Insr;Igflr KO mice. Based on these
results the authors suggested that FSH requires the insulin/IGF-1
signaling pathway to mediate its proliferative effect on immature
Sertoli cells. However, it has to be kept in mind that in these SC-
Insr;Igflr KO mice a reduction in FSHR and Akt signaling was
also observed. Thus, the inability of Sertoli cells to proliferate
after hemicastration or after FSH treatment might be accounted
for by the reduction in both FSHR and Akt signaling. In
summary, it can be concluded that the effects of FSH on
immature Sertoli cells can be mediated, at least in part, by IGF-1
and that local production of IGF-1 is an important component
of the intratesticular network involved in the regulation of Sertoli
cell number, testis size and sperm output in mammals.

Relaxin is another member of the insulin-related peptide
family involved in Sertoli cell proliferation. This peptide was
first recognized for its important role during pregnancy and
parturition (71, 72). Relaxin is structurally similar to insulin,
but binds to GPCRs termed the relaxin family peptide receptors
(RXFP 1 and 2) (73). Relaxin mRNA levels are higher in the
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testis of immature rats than in the adult ones, which suggests
an important role in an early period of life (74). Considering
that relaxin and RXFP1 expression is found in immature Sertoli
cells, an autocrine regulation has been predicted (75). Relaxin
increases the incorporation of [3H]-thymidine and the levels of
proliferating cell nuclear antigen (PCNA) in Sertoli cell cultures.
Relaxin-induced Sertoli cell proliferation involves activation of
a Gi protein and activation of EKR1/2 and PI3K/Akt pathways
(76). Supporting the hypothesis that relaxin has a role on Sertoli
cell proliferation, it has been observed that KO mice for this
gene have smaller testes (77). More recently, a crosstalk between
FSH and relaxin at the end of the proliferative stage in rat
Sertoli cells was demonstrated, and the authors postulate that
whereas FSH action predominates and seems essential to direct
cell maturation, relaxin seems to preferentially promote Sertoli
cell proliferation (78, 79).

Activins and Inhibins

The gonadal peptides activins and inhibins belong to the
transforming growth factor (TGF) B superfamily, and have
important roles in reproduction and development. Activins and
inhibins were discovered and named based on their abilities
to stimulate or inhibit FSH release by gonadotrophs (80, 81).
Activins are homodimers of two f inhibin subunits encoded by
five genes designated Inhba to Inhbe (82-85). The most studied
activins are those called activin A (BABA) and activin B (BBfB).
On the other hand, inhibins are heterodimers of one of the p
subunits -BA or BB- with a common inhibin a-subunit, encoded
by Inha gene, namely inhibin A (a¢BA), and inhibin B (afiB),
respectively (82, 86).

All information related to activin regulation of Sertoli cell
function has been obtained using activin A. Activin A is expressed
in fetal and postnatal testis with variable cell localizations (87—
91). In the fetal testis, Leydig cells are the main source of activin A
in the mouse and human (92, 93). Barakat et al. (94) showed that
Inh BA subunit is detected by immunohistochemistry in Sertoli
cells, Leydig cells, peritubular myoid cells (PTMC), and different
types of germ cells. This latter study, which included studies
in newborn mice, also showed that testicular concentration of
activin A is high during the period of Sertoli cell proliferation and
then decreases to reach a low value that remains constant until
adulthood. Considering that Buzzard et al. (89) had previously
shown that neonatal PTMC in culture produce higher levels of
activin A than Sertoli cells, it has been proposed that the high
concentrations of activin A found in neonatal testis are due to
activin A produced by PTMC.

Activin A signaling is mediated by binding to a type II
receptor subunit, either ActRIIa or ActRIIb, which causes type
II receptor to phosphorylate type I receptor, ActRIb (ALK4).
Phosphorylated type I receptor recruits and phosphorylates
SMAD2 and/or SMAD3, also called regulatory SMADs. The
latter phosphorylated proteins dissociate from the receptor
and oligomerize with the common SMAD4. This oligomer
translocates to the nucleus and affects specific gene transcription.
The relevance that activin A may have in Sertoli cell mitosis is
pointed out by the presence of type II and type I receptors in
mitotically active Sertoli cells (89, 95).

More than 20 years ago, at the time when the TGFp peptide
superfamily was being characterized, the need to investigate
possible paracrine effects within the testis became apparent. To
this respect, a synergistic effect of activin A with FSH on Sertoli
cell proliferation in the neonatal period was described (89, 96).
The effect of activin A on fetal Sertoli cell mitosis was analyzed
in Inhba KO mice. Inhba KO males have significantly fewer
Sertoli cells and a lower testis weight than wild type males at
birth. Concomitantly, a reduction in BrdU- and PCNA-positive
Sertoli cells and a decrease in cyclin D2 expression in Sertoli
cells in these animals were observed (97). A study using genetic
disruption of Inhba specifically in fetal Leydig cells (Inhba cKO)
showed decreased proliferation of Sertoli cells, and the authors
postulated that activin A produced by Leydig cells is the relevant
paracrine regulator of fetal Sertoli cell mitosis (93). Noticeably, it
has been shown that activin A is present in fetal human testis and
that activin A increases Sertoli cell proliferation in fetal human
testis in culture (92, 98). These results point out the physiological
relevance of this peptide in fetal Sertoli cell mitosis.

The role of different activin receptors and of the SMAD
signaling pathway in the proliferative effect of activin A has also
been studied. It has been shown that mice with deletion of ActrIla
have smaller testis size and a reduced number of Sertoli cells (99).
On the other hand, abrogation of ALK4/5/7 signaling in gonad
cultures has been shown to promote a significant reduction
in fetal Sertoli cell proliferation (100). As for the participation
of SMAD signaling pathway, Itman et al. (101) showed that
activin A promotes nuclear accumulation of SMAD3 rather than
SMAD?2 in proliferative Sertoli cell cultures. These results suggest
that activin A signals preferentially through SMAD3 in immature
Sertoli cells. Moreover, mice with conditional deletion of Smad4
in Sertoli cells showed decreased Sertoli cell proliferation and
a reduction in testis size (93). Altogether, these studies support
the notion that activin receptors and SMAD3-SMAD4 signaling
dependent pathways are involved in the regulation of Sertoli
cell proliferation.

As mentioned before, activin A production decreases with the
age of the animal. The most marked drop occurs at puberty at the
time that Sertoli cells mature and are in a non-proliferative state
(94). Even though activin A production decreases, it is present
throughout adulthood, and investigators searched for a role of the
peptide in maturing Sertoli cells. In this context, Nicholls et al.
(102) using Sertoli cell cultures that have hallmarks of mature
cells—tight junction formation, mitotic arrest and expression of
maturity markers—showed that activin A inhibits tight junction
formation between neighboring Sertoli cells. In addition, the
authors showed that activin A induces proliferation of these
mature Sertoli cells and increases cytokeratin 18 expression, a
marker of immature Sertoli cells. These in vitro studies were
complemented with an in vivo approach. Adult mice with
increased systemic activin A levels showed a disruption of the
BTB, an increase in the number of seminiferous tubules with
severe spermatogenic defects and a decrease in testis weight.
The authors concluded that the switch from high to low activin
A levels during testis development is physiologically relevant
and might be important for appropriate Sertoli cell function
and fertility.
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The role of activin B on Sertoli cell function is much less
understood. Studies using Inhbb KO mice suggest that activin B is
not involved in Sertoli cell proliferation or testicular development
(103). However, further studies will be necessary to determine if
activin B has any role in the regulation of Sertoli cell proliferation.

Regarding the inhibins, it has been shown that inhibin B is
the major circulating inhibin in males and that it is produced
mainly by Sertoli cells in the testis (92, 94, 104). Mice with
a deletion of Inha have normal testicular development during
embryogenesis but develop testicular tumors by 30 days of age.
These tumors completely alter testicular architecture and render
the mice infertile (105). Based on the latter observations, a
marked inhibition of Sertoli cell proliferation by inhibin B was
initially postulated. A few years later, it was shown that Inha
KO mice, which do not produce inhibin B, have overproduction,
and unbalanced action of activin A that might be responsible
for the observed phenotype (106). In support of the latter
hypothesis, it has been observed that the genetic deletion of
Smad3, an important activin A signaling molecule, relieves the
Sertoli cell tumor-forming phenotype of Inha KO mice (107,
108). Altogether, this evidence suggests that in adulthood inhibin
B has no role by itself but plays a role in the modulation of activin
A-induced Sertoli cell proliferation.

In summary, activin A stimulates Sertoli cell proliferation
during fetal and postnatal period. Increasing levels of inhibin B
at puberty may counteract activin A effects.

Cytokines
Cytokines are typically characterized as factors made by more
than one cell type that act locally in an autocrine or paracrine
fashion and play a pivotal role in the regulation of immune and
non-immune cells. Different cell types in the testis under both
physiological and pathological conditions produce cytokines
(109, 110). Considering that the mammalian testis is a notable
immune-privileged site, which protects haploid immunogenic
germ cells from the harmful effects of immune responses, most
studies focused on the effects of cytokines on the maintenance
or disruption of the immune environment. However, a few
addressed cytokine regulation of Sertoli cell proliferation.
Interleukin 1 (IL-1) exists as two major agonist isotypes, IL-
la, and IL-1p, and these cytokines have a naturally antagonist
named IL-1 receptor antagonist (IL-1ra). In rodent testis, IL-1a,
and IL-1P are produced by Sertoli cells, interstitial macrophages
and Leydig cells (111-115). The production of IL-1a by human
Sertoli and Leydig cells has also been demonstrated (116). Both
IL-1s exert their effects by binding IL-1 receptor type I that is
constitutively expressed in Sertoli cells (117, 118). As for Sertoli
cell proliferation, it has been shown that IL-1ac and IL-1p increase
DNA synthesis and Sertoli cell number in vitro and that IL-
la has a more potent effect than IL-18 (118). Petersen et al.
(119) explored the signaling pathways activated by IL-1a and
their participation in the proliferative effects on Sertoli cells.
The authors showed that IL-1a activates p38 MAPK and JNK
pathways but not the ERK1/2 cascade in immature Sertoli cells,
and that the p38 MAPK pathway mediates the mitogenic effect
of IL-1a.. IL-1a expression can be demonstrated at about 20 days
of age increasing thereafter in the rat testis (120). Tumor necrosis

factor (TNF) o is another cytokine with known effects in the pro-
inflammatory and immunoregulatory responses, and apoptosis.
TNFa is produced by interstitial macrophages, spermatocytes
and spermatids in the adult testis (121). Only TNF receptor 1
has been detected in Sertoli cells and probably mediates TNFa
biological actions (122). Petersen et al. (123) presented data
consistent with a possible positive role of TNFa on Sertoli
cell proliferation. Considering that neither IL-la nor TNFa
were detected in the immature testis, the possible role of
these cytokines in Sertoli cell proliferation under physiological
conditions is at least arguable.

In summary, the effects of cytokines on Sertoli cell
proliferation under physiological conditions are unlikely,
however, they may have some relevance under pathological
conditions with elevated intratesticular cytokine levels.

MAIN FACTORS INVOLVED IN CESSATION
OF PROLIFERATION AND IN MATURATION
OF SERTOLI CELL

Cessation of proliferation of Sertoli cells is accompanied by
a maturation process that consists in profound changes in
gene expression, BTB establishment and the acquisition of
full capacity to sustain developing germ cells. Therefore, the
analysis of hormones and locally produced factors as well as the
analysis of the signaling pathways and molecular mechanisms
involved in cell cycle arrest and maturation of Sertoli cells are
also relevant to the understanding of possible alterations in
sperm production. Current knowledge of the role of androgens,
estrogens, thyroid hormones, retinoic acid, and opioids in the
cessation of proliferation and/or maturation will be summarized
in the following sections.

Androgens

The role of androgens in male fertility and in the maintenance
of spermatogenesis is well-known and has been extensively
reviewed (124, 125). During embryogenesis, fetal Leydig cells
secrete testosterone shortly after differentiation to ensure
virilization of the male embryo, and this secretion gradually
declines preceding birth (126). Another testosterone surge
occurs following birth and the profile of this neonatal
testosterone surge has been characterized in different species
(127). Then, testosterone decreases to very low levels until the
onset of puberty (128, 129). At puberty, serum testosterone
rises again reaching adult levels that cause development of
secondary sex characteristics and progressive acquisition of
reproductive capacity.

Androgens exert most of their effects through genomic
actions, which involve diffusion through the plasma membrane
to bind the androgen receptor (AR), which is sequestered by heat
shock proteins in the cytoplasm. The interaction of the steroid
with the AR leads to a conformational change in AR which
causes its release from heat shock proteins. Ligand-bound AR
then translocates to the nucleus where it interacts with androgen
response elements (AREs) in gene promoter regions, recruiting
co-regulator proteins and regulating gene transcription. An
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extensive review dealing with the mechanism by which AR acts
as a ligand-dependent transcription factor was published by
Heemers and Tindall (130).

AR is widely expressed in the rat testis, specifically in Sertoli,
Leydig, and PTMC (131). The localization of AR in germ cells
is controversial, with some studies showing absence of AR (131-
134) and other studies presenting evidence of AR expression in
germ cells (135-137). AR is absent in fetal rat Sertoli cells, and
its expression becomes progressively stronger during postnatal
development (131, 138, 139).

It was generally believed that androgens played little if any
role in Sertoli cell proliferation in rodents, primarily because the
AR is weakly expressed in Sertoli cells during early postnatal
life. Precisely, the fact that the treatment of neonatal mice
with testosterone propionate did not modify the expression of
proliferation markers—c-Myc and PCNA—in immature Sertoli
cells was interpreted as a consequence of the low levels of
expression of AR (140). This hypothesis was questioned by
studies in testicular feminized mice (Tfm, nonsense mutation
in Ar gene resulting in a complete absence of nuclear receptor
protein in all tissues) showing a decrease in the number of
Sertoli cells in adulthood (141). However, a controversy arose
on these observations as these animals suffer cryptorchidism
that may be the cause of reduced Sertoli cell number. A year
later, Atanassova et al. (142) also postulated a positive effect of
androgens on Sertoli cell proliferation. These authors treated
neonatal rats with the antiandrogen flutamide and observed
reduced Sertoli cell number despite the presence of elevated FSH
levels. The development of a Sertoli cell-selective Ar knockout
mouse (SCARKO) opened up new possibilities for elucidating the
role that androgens play in regulating Sertoli cell proliferation. In
sharp contrast to what was observed in Tfm, flutamide-treated
animals and ARKO—Ar KO mice with an analog phenotype to
Tfm—models, the final number of Sertoli cells in SCARKO mice
was unaltered (143). SCARKO animals conclusively evinced that
AR expression in Sertoli cells is not required for attainment of
a normal Sertoli cell number. Tan et al. (143) suggested that AR
expression in other testicular cell types might be important for
the modulatory role of testosterone on Sertoli cell proliferation.
As PTMC express AR intensely throughout fetal and postnatal
life, and, there is abundant evidence that PTMC secretions can
modify Sertoli cell function (144, 145), it was hypothesized that
androgens regulated Sertoli cell proliferation indirectly through
their effects on PTMC. Interestingly, transgenic PTMC-Ar~/Y
mice exhibit decreased testicular weight and sperm count, and
even though the authors did not determine the number of
Sertoli cells, it is reasonable to think that the reduction in
germ cell number in this model might be a consequence of a
diminution in the number of Sertoli cells (146). Taking into
account that there is evidence that activin A produced by PTMC
can stimulate Sertoli cell proliferation (89), it was proposed that
activin A might be the paracrine factor involved in the indirect
action of androgens. The development of a transgenic model
that prematurely expresses the AR specifically in Sertoli cells
(TgSCAR) enabled to demonstrate that androgens, by acting
specifically on Sertoli cell AR, induce cell maturation. Sertoli
cell maturation in TgSCAR mice was demonstrated by the

observation of accelerated postnatal formation of seminiferous
tubular lumen and for elevated levels of mRNAs coding for
tight junction or phagocytic function proteins. Additionally, a
premature AR expression in Sertoli cells led to a reduction of
the pool of immature cells available for FSH induced mitotic
expansion and resulted in fewer Sertoli cells in adulthood (147).
In agreement with these findings, Buzzard et al. (148) had
previously shown that testosterone inhibited rat Sertoli cell
proliferation in primary cultures through the induction of cell
cycle inhibitors p21Cip1 and p27Kipl.

In addition to the classical AR-mediated androgen responses,
the regulation by androgens of Sertoli cell function may involve
non-classical responses (149, 150). Recently, a novel membrane
receptor for androgens, which is unrelated to AR, was identified.
The zinc transporter ZRT-and Irt-like Protein (ZIP) 9, one of the
14 members of the solute carrier family 39 (SLC39) that regulates
zinc homeostasis, is now known to mediate some androgen
actions (151). To this respect, the expression of ZIP9 and its
participation in the regulation of claudin-1 and—5 expression
and the assembly of tight junctions have been described in a
Sertoli cell line (152). Thus, the contribution of ZIP9 to androgen
regulation of Sertoli cell maturation should be considered.

In summary, while androgens were initially thought to have a
positive effect on Sertoli cell proliferation, studies on transgenic
mice suggest that androgen-dependent regulation of Sertoli cell
proliferation is an indirect effect probably exerted through the
secretion of a paracrine factor. Direct effects of androgens on
Sertoli cells seem to be related to maturation of this cell type. The
mechanisms participating in androgen regulation of Sertoli cell
function remain to be fully elucidated.

Thyroid Hormones

Thyroid hormones T3 and T4 (TH) are critical regulators of
growth, development, and metabolism in virtually all tissues. TH
initiate biological responses via classical genomic pathways by
binding to TH receptors (TRs) that are codified by two genes,
Tra, and Trb. Alternative splicing of the RNA transcript of both
genes generates several different protein isoforms. Only four
of these TR isoforms, TRal, TRB1, TRP2, and TRP3, seem to
bind TH and act as TRs (153, 154). Additionally, a 43-kDa
truncated form of the nuclear receptor TRal (p43) synthesized
by the use of an internal initiation site of translation in the TRal
transcript was identified in the mitochondrial matrix (155). The
p43 stimulates mitochondrial transcription and protein synthesis
in the presence of T3 (156). Nongenomic effects of TH initiated
by activation of a plasma membrane receptor integrin avf3 have
also been described (157).

Testicular TR expression varies with the age of the animal,
particularly in Sertoli cells. TRal is expressed in proliferating
Sertoli cell nuclei, and its expression decreases coincident
with the cessation of proliferation. On the other hand, TRB1
mRNAs is expressed at low levels throughout lifespan and
the corresponding protein is not detected (158). High-affinity
binding sites for T3 have been observed in rat Sertoli cell
mitochondria (159) and these results suggest the presence of the
p43 receptor in this cell type. TH interactions with the integrin
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avP3 receptor, which mediate rapid responses, have also been
described in Sertoli cells (160).

Concerning the role of TH in immature Sertoli cells, an
extensive body of data obtained from in vivo and in vitro models
shows that TH inhibit Sertoli cell proliferation and stimulate
their functional maturation in prepubertal testis through its
interaction with different TH receptors. The central role of TH
in regulating immature Sertoli cell function was highlighted
by studying the effects of hypothyroidism and hyperthyroidism
on neonatal rats. On the one hand, it was shown that early
hypothyroidism causes an increase in testis size and in daily
sperm production in adult rats (161), which is correlated with
an increment in Sertoli cell number and with a delay in Sertoli
cell maturation (162). On the other hand, high neonatal TH
levels reduced the period of Sertoli cell proliferation, accelerated
tubular lumen formation, and increased inhibin secretion (163).
These results indicated that, additionally to its role in halting
proliferation, TH also promote Sertoli cell maturation. A
more recent study made similar observations on Sertoli cell
proliferation and maturation as a consequence of neonatal
hypothyroidism and hyperthyroidism, which were also induced
by propylthiouracil (PTU) and T3 treatment, respectively. The
total number of Sertoli cells per testis was significantly increased
in PTU-treated mice in comparison to the controls, whereas
the opposite occurred in T3-treated mice. Although the meiotic
index and Sertoli cell spermatogenic efficiency were similar in all
three experimental groups, the total daily sperm production per
testis was significantly higher and lower than in control animals
in PTU- and T3-treated mice, respectively (164).

Culture of immature Sertoli cells constitutes another
experimental approach that was used to analyze the role of TH
in Sertoli cell proliferation and maturation. In these in vitro
studies, it was observed that TH inhibited FSH-stimulated Sertoli
cell mitosis (165, 166) and that TH inhibition of Sertoli cell
proliferation was accompanied by an increase in the expression
of the cell cycle inhibitors p21Cipl and p27Kipl (148). It
is worth mentioning that studies in KO animals for these
cyclin-dependent kinase inhibitors (CDKIs) demonstrated that
both are important inhibitors of Sertoli cell proliferation, and
that loss of these CDKIs leads to a large increase in the adult
Sertoli cell population, as well as an increase in daily sperm
production and in testis weight (167). On the other hand, TH
treatment stimulated the expression of Sertoli cell maturation
markers such as inhibin B, clusterin, and AR and inhibited the
expression of immature Sertoli cell markers such as aromatase
and Anti-Miillerian hormone (AMH) (165, 168-171). Taking
together, the evidence indicates that TH are central players in
the transition from an immature to a functionally mature Sertoli
cell phenotype.

Studies in KO animals for different THR (Tra KO and Trp
KO mice) were used to determine the roles of these receptors in
mediating TH effects on Sertoli cells and testicular development
(172). These studies on transgenic mice showed that TRal, but
not TR, is the receptor by which TH promote Sertoli cell
maturation. This conclusion was further confirmed by analyzing
a specific Sertoli cell Tral mutant animals, Tra*MI-SC (173).
Additionally, it was shown that p43 KO mice depict a testicular

phenotype very similar to that observed in Tra KO and TraAM!-

SC mice, suggesting that mitochondrial p43 receptor has a
physiological role in Sertoli cell development (174).

Regarding the molecular mechanisms involved in the
cessation of Sertoli cell proliferation by TH, the role of connexin
43 (Cx43), a constitutive protein of gap junctions that participates
in the control of cell proliferation and tight junction formation,
deserves special attention. To this respect, it was observed that
the inhibitory effect of TH on Sertoli cell mitosis is associated
with a time- and dose-dependent increase in Cx43 levels (175).
The authors also showed that TH increased Cx43 levels in Sertoli
cell cultures. Interestingly, specific Sertoli cell Cx43 KO mice (SC-
Cx43KO) showed sustained proliferation and delayed maturation
of Sertoli cells in adulthood (176). Altogether, the results support
the idea that Cx43, by promoting the tight junction formation
between Sertoli cells, plays a pivotal role in the ability of
TH to promote Sertoli cell maturation. The participation of
p21Cipl and p27Kipl also merits consideration. Early studies
showed that p27Kip1 levels in Sertoli cells are inversely related
to the proliferative activity of these cells (177). Additionally,
it has been shown that TH status affects p27Kipl expression
in neonatal Sertoli cells in vivo (178). It is well-known that
p27Kipl and to a lesser extent p21Cipl are primarily regulated
through changes in proteolytic degradation (179, 180), however,
conclusive evidence for the relevance of this mechanism in
Sertoli cell physiology has not been obtained yet. Other molecular
mechanisms underlying the ability of TH to promote Sertoli cell
cycle arrest are those that involve transcription factors c-Myc and
JunD, activator and repressor, respectively of cyclin-dependent
kinase 4 (CDK4) expression. By utilizing TraAMI-SC and p43 KO
animals, up-regulation of CDK4 and c-Myc was observed and it
was postulated that these proteins are main factors controlling
the proliferation of Sertoli cells (173, 174). However, direct effects
of TH on c-Myc expression or on transcriptional activity in
Sertoli cells remain to be determined.

The participation of signal transduction pathways in TH
effects on immature Sertoli cells was scarcely analyzed. To this
respect, Sun et al. (181) postulated that the effects of TH on
Sertoli cell proliferation are dependent on inhibition of PI3K/Akt
signaling and that this effect is mediated by the cell membrane
receptor integrin avf3.

Finally yet importantly, given that one of the well-recognized
functions of TH is related to energetic metabolism that is
tightly associated with cell cycle progression, it can be proposed
that the effect of TH on Sertoli cell proliferation may be
linked to metabolic regulation. In this context, it might be
hypothesized that TH utilize cellular energetic sensors such as
AMPK and Sirtuins as mediators of their actions on immature
Sertoli cells.

AMPK functions as a key energy-sensing kinase by virtue
of its exquisite sensitivity to the cellular AMP/ATP ratio. An
increase in the latter ratio promotes AMPK phosphorylation
and activation by upstream kinases. Recently, the role of AMPK
in cell growth and proliferation has captured attention. It has
been demonstrated that AMPK activation causes G1/S phase
cell cycle arrest in several cell lines (182, 183) and also that
mTORCI1 signaling can be downregulated by AMPK (184). Riera
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et al. (45) have shown that AMPK activation reduces FSH-
stimulated Sertoli cell proliferation. Activation of AMPK in
FSH-stimulated conditions increases pl19INK4d, p27Kip1, and
p21Cipl expression. As mentioned before, the regulation of
p21Cipl and p27Kipl protein levels in response to TH has
previously been related to the cessation of proliferation in FSH-
stimulated Sertoli cells (148). Noticeably, TH activate AMPK
in several cell lines (185-187). Altogether, the above-mentioned
results let us speculate that AMPK activation may be involved
in the mechanism of action of TH to regulate the transition of
Sertoli cells from the mitotic to the postmitotic state during early
postnatal development.

Sirtuins are metabolic sensors that have been implicated
in a wide range of cellular processes. The mammalian Sir2
family consists of seven members (SIRT1-7) of NADT dependent
type III histone and protein deacetylases. The most extensive
studies of these enzymes were conducted toward functions of
SIRT1, which is the founding member of this family. Beyond
histone deacetylation, this enzyme also deacetylates many non-
histone proteins that are involved in several processes ranging
from cell cycle regulation to energy homeostasis. Noteworthy,
Sirt] KO animals are infertile showing decreased testis size
and sperm quality, and this fact is accompanied by Sertoli cell
immaturity (188). As a consequence, a physiological relevance
of SIRT1 in Sertoli cell maturation has been proposed. It has
been shown that SIRT1 is present in immature Sertoli cells at
least up to 30-day-old rats and that SIRT1 expression in Sertoli
cells decreases with the age of the animal. Additionally, SIRT1
activation markedly decreases proliferation and antagonizes FSH
action in immature Sertoli cells. The molecular mechanisms
involved in antiproliferative effects of SIRT1 activation were
also studied. Activation of SIRT1 decreased cyclin D1 and D2
levels and increased p21Cipl mRNA levels. SIRT1 activation also
decreased c-Myc transcriptional activity (189). Remarkably, TH
regulate SIRT1 expression and activity in different experimental
models (190-192). SIRT1 activation might also be a molecular
mechanism utilized by TH operating in immature Sertoli cells at
the time of cessation of proliferation and terminal maturation
of this cell type aimed to sustain spermatogenesis. However,
experimental evidence for the involvement of AMPK and SIRT1
in the mechanism of action utilized by TH to regulate Sertoli cell
proliferation has not been obtained yet.

In summary, studies performed so far have demonstrated that
TH have a central role in the cessation of Sertoli cell proliferation
and promote Sertoli cell maturation through TRal and p43
receptors. The mechanisms participating in these processes
involve the regulation of Cx43, c-Myc, p21Cipl, and p27Kipl.

Estrogens

Estrogens play important roles in the regulation of testis
development and spermatogenesis (193, 194). 17B-estradiol (E2)
is the pre-dominant and most active estrogen produced from
testosterone by aromatase enzyme cytochrome P45019 Al,
encoded by the CypI9al gene (195). In males, E2 is present in
low concentrations in blood, but its concentration in semen and
the rete testis can reach values even higher than in female serum,
suggesting a role for estrogens within the testis (196). Sertoli and

Leydig cells, spermatocytes and spermatids express the aromatase
enzyme (197, 198). Sertoli cells are the major source of estrogens
in immature rats whereas Leydig cells are the main source in adult
animals (197, 199). Sertoli cell E2 production is regulated by FSH
through the increase of Cyp19al expression (200). This response
of the Sertoli cells to FSH in terms of aromatase activity and E2
secretion markedly declines with age (201).

Genomic actions of estrogens are mediated by the classical
nuclear estrogen receptor alpha (ERa or ESR1) and estrogen
receptor beta (ERB or ESR2). In addition to the genomic actions,
rapid signaling events have been described. These latter rapid
effects may be mediated by: (a) ERa and ERP localized at or
near the plasma membrane (202), (b) truncated variants of ERa
called ERa-46 or ERa-36 (203, 204), and/or (c) G protein-
coupled estrogen receptor (GPER or GPR30) (205). The rapid
responses include activation of different downstream signaling
pathways. It has been suggested that receptor post-translational
lipid modifications, such as palmitoylation, can play a role
facilitating membrane localization of ER (206).

Regarding ER expression in the testis, in situ hybridization
and immnohistochemical studies carried out in rats at all ages
suggested that ERP was present in nuclei of Sertoli and Leydig
cells, whereas ERa was only present in the interstitial space
(207, 208). Years later, in studies performed in rat Sertoli cell
cultures and utilizing more sensitive techniques, the presence
of ERa was demonstrated (209, 210). Lucas et al. (210) found
that ERa protein levels decrease, whereas ERP protein levels
increase in Sertoli cells with the age of the animals. There existed
conflicting data regarding GPER expression in human and rodent
testis (211-215). A careful study confirmed the presence of
GPER in Sertoli cells from immature rats (216). Furthermore,
GPER was immunodetected in the endoplasmic reticulum and
Golgi apparatus, whereas almost no localization in the plasma
membrane was observed (217).

One of the first approaches employed to assess the effect of
estrogens on Sertoli cell proliferation consisted of the in vivo
administration of estrogens to rats. In this regard, estrogen
treatment reduced Sertoli cell number when administered during
proliferative periods (218). Similarly, results obtained in studies
carried out in vivo using an aromatase inhibitor and a non-
specific ER antagonist (ICI 182,780) suggested that Sertoli cell
proliferation diminishes by activation of estrogen receptors (219,
220). As ICI 182,780 is able to antagonize the effect of both ERa
and ER, the results obtained do not distinguish the type of
receptor participating in the observed biological effect.

In order to clarify the role of estrogens on testis development,
several models of transgenic mice were studied. Among them are
those mice overexpressing aromatase (221), Cyp19al KO (222),
Era KO (223-225), and Erf KO (225, 226). These transgenic
mice were not selective for Sertoli cells, and due to the pleiotropic
actions of estrogens, the phenotypes observed could not be
straightforwardly attributed to direct actions of estrogens on
Sertoli cell proliferation.

Studies performed in isolated Sertoli cells using specific
agonists and antagonists of ERa and ERP shed some light to
the role of estrogens in proliferation. Estrogens might regulate
both proliferation and cell maturation depending on the ER
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isoform through which they exert the effect. While estrogens
modulate Sertoli cell proliferation through ERa, cell cycle exit,
and differentiation involve ERP. Taking into account that ERa
expression decreases while ERP expression increases with the
age of the animals, it was postulated that the ERa/ERp ratio is
physiologically relevant to determine the end of cell proliferation
and the start of cell differentiation (210).

Concerning the signaling pathways involved in estrogen
action in Sertoli cells, Lucas et al. (210) have shown that the
interaction of E2 with ERa promotes cell proliferation through
the activation of NFkB in a PI3K- and a ERK1/2-dependent
manner and that this is accompanied by cyclin D1 induction.
On the other hand, the interaction of E2 with ERB promotes cell
cycle exit and cell maturation through the activation of CREB
in a PI3K-dependent manner and this leads to the expression
of the Sertoli cell differentiation markers —p27Kip, GATA1, and
DMRT1. More recent studies have shown that not only are
the classical receptors involved in Sertoli cell proliferation but
GPER as well. To this respect, Yang et al. (227) have shown that
GPER triggers the activation of Src/PI3K/Akt pathway which is
involved in E2-induced Sertoli cell proliferation via regulating
the expression of S-phase kinase-associated protein 2 (Skp2).
Additional studies destined to evaluate the participation of
GPER, either alone or in conjunction with ERs, will be necessary
for our overall understanding of estrogen biological function in
Sertoli cells.

In summary, investigations performed so far have led to the
conclusion that estrogens increase proliferation of Sertoli cells
through ERa and GPER. On the other hand, at the end of the
proliferative period estrogens promote cessation of proliferation
and cell maturation through ERf.

Retinoic Acid
It has been recognized for decades that signaling through vitamin
A is essential for male reproduction. The biologically active form
of vitamin A is retinoic acid (RA), which includes all-trans-
RA (atRA), and 9-cis-RA (9-cRA). atRA is synthesized and also
stored in lipid droplets in the testis (228-231). atRA content of
the testis is practically independent from the plasma levels of
this metabolite (232), suggesting that endogenous production
of atRA has a vital importance for the maintenance of atRA-
dependent processes in the seminiferous tubules. Cavazzini et al.
(228) showed that atRA synthesizing activity rises about 5-fold
at the time of transition to the non-proliferative phenotype of
Sertoli cells and that it continues nearly constant thereafter. On
the other hand, Raverdeaua et al. (233) showed that preleptotene
spermatocytes may be another source of atRA at the time
of meiotic initiation. It is worth mentioning that RA may
have biological roles in all testicular cell types including germ
cells at different stages of maturation. To this respect, several
studies demonstrated that vitamin A deficiency in rats induces
a progressive loss of germ cells, ultimately yielding seminiferous
tubules that contain only Sertoli cells and premeiotic germ
cells (234-237).

The actions of RA are mediated through specific nuclear
receptors, the so-called retinoic acid receptors (RAR), which
work as ligand-dependent transcription factors and that form

heterodimers with retinoic X receptors (RXR). There exist three
major subtypes of both, RAR protein (o, §, and y) and RXR
protein (o, B, and y). Expression of various subtypes of RAR and
RXR in Sertoli cells of fetal, neonatal, and adult animals has been
demonstrated. Particularly, it has been observed that mitotically
active rodent Sertoli cells express RARa and p and RXRa and
v (230, 238-240).

The regulation of Sertoli cell mitosis by atRA was evaluated
in in wvitro studies. Buzzard et al. (148) demonstrated
that atRA decreases FSH-stimulated [*H]-thymidine and
BrdU incorporation in cultures of immature Sertoli cells.
Concomitantly, atRA increases p21Cipl and p27Kipl
expression, proteins that are widely known to be involved
in cell cycle arrest and in differentiation of Sertoli cells.
Additionally, Nicholls et al. (241) showed that atRA inhibits
activin A-stimulated Sertoli cell proliferation. Furthermore,
the authors showed that inhibition of cell proliferation is
accompanied by a decrease in activin A-stimulated cyclin
El expression and by an increase in the levels of the cell
cycle inhibitor p15INK4. These in vitro studies suggest that
atRA participates in cessation of Sertoli cell proliferation. As
previously mentioned, the cessation of Sertoli cell mitosis
is accompanied by the formation of inter-Sertoli cell tight
junctions, the main component of the BTB in seminiferous
tubules. Noticeably, Nicholls et al. (241) also showed that
atRA increases transepithelial electrical resistance (TER), a
measurement of tight junctions integrity in Sertoli cell cultures,
and promotes plasma membrane localization of the tight
junction-related proteins claudin-11 and Tjpl. Altogether,
these observations are consistent with an anti-proliferative and
pro-differentiative role of RA.

The role of RARs and RXRs proteins in testicular physiology
has also been analyzed by utilizing total or selective KO animals.
Rara, Rary, or Rxrf null animals have abnormal testicular
histology and are infertile, whereas Rar$ and Rxry null males
are fertile, and their testes and genital tract are histologically
normal throughout life (242-247). Rxra null fetuses died in
utero, thus, its precise role in testicular function could not
be defined (248). All these previous studies focused on the
germ cell population while no specific attention to possible
changes in Sertoli cell physiology was paid. Analyzing selective
KO animals, Vernet et al. (249) proposed a possible role of
RARa in the regulation of Sertoli cell maturation. The latter
authors showed in Sertoli cell-specific Rara-conditional KO mice
that there is a marked impairment of Sertoli cell capacity to
support germ cell development (249). In addition, Hasegawa
and Saga (250) evaluated the impact of the overexpression of
a dominant-negative form of the RARa receptor (dn-RARw) in
Sertoli cells. They observed that the BTB was disrupted during
specific seminiferous tubule stages and postulated that this is
partially due to a reduction in occludin expression. A role of RA
in BTB function is further supported by the observation of partial
disruption of tight junctions in vitamin A deficient rats and in
Rara KO mice (251-253).

In summary, results obtained so far are consistent with a
role of RA in cessation of proliferation and in maturation of
Sertoli cells.
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Opioids
Opioids are also present in the male gonad and are involved
in the local control of testicular function. Opioids, such
as proopiomelanocortin  (POMC), a-melanocyte-stimulating
hormone (aMSH), and B-endorphin, are mainly produced in
Leydig cells and exert direct paracrine actions on Sertoli cells
(254-256). Additionally, high affinity opioid binding sites in
Sertoli cells obtained from immature and adult rats have
been described (257). Later on three major classes of opioid
receptors—mu, delta, and kappa—in Sertoli cells were described
(258). As for Sertoli cell proliferation, few studies have focused
on this issue. Orth (259), utilizing the opioid receptor blocker
naloxone, showed that endogenous opiate-like peptides inhibit
the proliferative effects of FSH in fetal rat testis. Moreover, the
same research group demonstrated that endorphin suppresses
FSH-stimulated proliferation of isolated neonatal Sertoli cells
possibly through activation of Gi (260). Sixteen years later, da
Silva et al. (261) showed that neonatal treatment with naloxone
increases the number of Sertoli cells and daily sperm production
per testis in adult animals.

Results available so far are consistent with a negative effect of
opioids on FSH-stimulated Sertoli cell proliferation.

PHARMACOLOGICAL AGENTS AND
XENOBIOTICS MAY AFFECT SERTOLI
CELL PROLIFERATION AND MATURATION

Epidemiological, clinical, and experimental studies suggest that
there are multiple possible causes of the progressive decrease
in male reproductive function observed over the past 50
years. Drugs used for the treatment of several pathologies or
exposure to xenobiotics in early stages of life may alter testicular
function and condition future fertility. Current knowledge of
the effects of pharmacological agents and xenobiotics on Sertoli
cell proliferation and maturation will be summarized in the
following sections.

Pharmacological Agents

Chemotherapy drugs are the most extensively studied in terms of
their possible testicular toxicity. It is known that male fertility is
affected by chemotherapy treatment. For example, men treated
with alkylating agents show oligospermia or azoospermia as well
as alterations in the histology of the testis (262-264). Although
the deleterious effects caused by chemotherapy in adults are
well-known, mainly attributed to their cytotoxic action on germ
cells, little is known about possible effects on the Sertoli cell
population. Few studies have addressed the possible gonadotoxic
effect of chemotherapeutic agents during childhood and puberty.
In fact, it was postulated that chemotherapeutic drugs were
less harmful when used in the prepubertal stage because the
testis was considered quiescent (265, 266). However, studies with
cohorts of patients who received high doses of chemotherapy
before puberty clearly show an increased risk of infertility (267,
268). Testis damage might be related to the loss of germ cell
population and/or alterations in the Sertoli cell proliferation
and maturation processes that take place in the immature testis.

The latter hypothesis is under debate and further studies will
be necessary to definitively sustain that chemotherapy drugs
affect Sertoli cell proliferation. Thirty years ago, it was observed
that in vivo intratesticular injection of cytosine arabinoside, a
chemotherapeutic agent, inhibited Sertoli cell proliferation (4).
Additionally, it has been observed that treatment of neonatal rats
with a single dose of doxorubicin, beyond promoting apoptosis
in germ line stem cells, reduced the rate of increase of Sertoli
cells leading to a decrease in the final number of them (269).
Tremblay and Delbes (270) have also recently observed that
doxorubicin decreases Sertoli cell number in culture. In contrast,
Nurmio et al. (271) proposed that the germ cell population is
the target of doxorubicin toxicity. As for other drugs, it has
been shown in immature Sertoli cells in culture that acrolein—
a metabolite of cyclophosphamide—induces cytoskeletal changes
and oxidative stress (272). On the other hand, a marked loss of
germ cells and no change in the Sertoli cell number were observed
in neonatal mice testis treated in vitro with cisplatin, doxorubicin
or the active metabolite of cyclophosphamide—phosphoramide
mustard (273).

Some nucleoside analogs, such as acyclovir and ganciclovir,
are used as antiviral agents to treat infections caused by
herpes simplex virus, cytomegalovirus, varicella zoster virus, and
other viruses. Studies performed in adult animals showed that
ganciclovir or acyclovir treatment decreases testis weight and
sperm count and increases the number of spermatozoa with
abnormalities in head and tail (274, 275). On the other hand,
Nihi et al. (276) showed that treatment of pregnant mice with
a high dose of ganciclovir decreases the number of gonocytes
in fetal testis. In addition, these authors showed that animals
that have been exposed in utero to ganciclovir present decreased
adult testis weight concomitant with an increase in the number
of seminiferous tubules with partial or complete absence of germ
cells. However, the authors did not observe differences in Sertoli
cell number per tubular cross section and suggested that the
effects induced in utero by ganciclovir may result from direct
effects on developing germ cells and/or may be secondary to the
dysfunction of Sertoli cells. In support of the latter assumption,
Qiu et al. (277) showed in the Sertoli cell line SerW3 that
ganciclovir and acyclovir induce a decrease in Cx43 expression,
a protein that is essential for proper sertoli cell maturation.

Nonsteroidal antiinflammatory drugs and analgesic drugs,
such as ibuprofen—isobutylphenylpropionic  acid—and
paracetamol—acetyl-p-aminophenol-, are widely used to
treat inflammation and pain and commonly prescribed in
pregnant women and in children. Just a couple of studies
analyzed the effect of these drugs in the Sertoli cell population.
Ben Maamar et al. (278) showed that in vitro exposure of fetal
human testis to ibuprofen does not modify the number of Sertoli
cells but decreases AMH and SOX9 expression, suggesting a
role in Sertoli cell maturation. Recently, Rossitto et al. (279)
showed that treatment of pregnant mice with a combination
of paracetamol and ibuprofen promotes a reduction of fetal
germ cells mitosis and a decrease in sperm count in offspring’s
adulthood. These authors also showed that this treatment
does not modify fetal or postnatal Sertoli cell proliferation but
induces a delay in Sertoli cell maturation. Altogether, these
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studies support the idea that analgesic drugs may alter Sertoli
cell maturation.

Metformin—dimethylbiguanide—is one of the most widely
used anti-hyperglycemic agent for treating adult patients with
type 2 diabetes. Nowadays, its role as a therapeutic agent is
expanding and metformin constitutes the treatment of choice in
cases of pregnancy disorders, such as gestational diabetes mellitus
or preeclampsia, and also in polycystic ovarian syndrome (280,
281). Considering that metformin can cross the placental barrier,
fetuses are exposed to the drug (282). In children, the incidence
of both type 2 diabetes and obesity has risen at staggering rates
and metformin has started to be used in the pediatric population
(283-285). Numerous studies have demonstrated that in addition
to its strong antidiabetic properties, metformin shows an anti-
proliferative activity in cancer cells (286-288). Despite the latter
findings, few studies have analyzed the effect of this drug in non-
cancer cells. Particularly in the testis, Tartarin et al. (289) have
shown that in vivo administration of metformin to pregnant mice
reduces the number of Sertoli cells in fetal life and at birth in
male offspring. On the other hand, Faure et al. (290) showed
that metformin inhibits Sertoli cell proliferation and increases
p21Cip1 levels in vitro and that treatment of chickens for 3 weeks
decreases testis weight and seminiferous tubules diameter. More
recently, Rindone et al. (291) showed that metformin decreases
FSH-stimulated neonatal rat Sertoli cell proliferation in vitro.
Concomitantly, a reduction in FSH-stimulated cyclins D1 and
D2 and an increase in p21Cipl expression were observed as a
result of metformin treatment. Altogether, these studies support
the notion that metformin decreases fetal and postnatal Sertoli
cell proliferation.

The mechanism of action through which metformin exerts
its effects has not been completely elucidated. On the one
hand, it has been shown that in the liver, metformin is
able to inhibit the mitochondrial isoform of the enzyme
glycerol phosphate dehydrogenase, resulting in a decrease in
the levels of dihydroxyacetone phosphate and an increase in
the NADH/NAD™ ratio in the cytoplasm (292). On the other
hand, it has been shown that metformin partially inhibits the
complex I of the respiratory chain, which produces a decrease in
cellular energy levels that results in the activation of the AMPK
(293, 294). As mentioned before, it has been demonstrated
that AMPK activation inhibits Sertoli cell proliferation (45).
In this context, it has been shown that metformin activates
AMPK in mitotically active Sertoli cells (290, 291). In addition,
Rindone et al. (291) showed that metformin inhibits FSH-
stimulated mTORC1/p70S6K pathway, a signaling pathway that
is involved in FSH-stimulation of Sertoli cell proliferation (45).
These studies suggest that metformin can counteract the effects
of FSH on Sertoli cell proliferation by modulating AMPK and
mTORC1/p70S6K pathways. Bearing in mind that metformin is
now being used in pregnant women, potentially gaining access
to male fetuses, and in children at the same time as Sertoli cells
proliferate, attention should be paid to a possible alteration in the
final number of Sertoli cells in adulthood.

In summary, experimental evidence for chemotherapy,
antiviral, analgesic, and anti-hyperglycemic drugs suggests that
they may potentially affect the final number and/or the
maturation of Sertoli cells and consequently sperm counts in

adulthood. Longitudinal studies evaluating fertility in patients
treated for prolonged periods with the above-mentioned drugs
would be helpful to gain full confidence in their use at any stage
of their lifespan.

Xenobiotics

Exposure to environmental foreign chemical substances derived
from modern life style represents a growing concern due to the
impact of these pollutants on developmental and reproductive
functions in mammals. Chemical compounds that derive from
industrial manufacturing, pesticides and herbicides utilized in
agricultural practices, waste accumulation, and burning residues,
generally termed xenobiotics, are only a few examples of the
contaminants that affect human daily life. Nowadays, it is well-
known that testis function is a primary target of a large number
of pollutants. Delayed establishment of spermatogenesis (295),
impaired differentiation of internal and external male genital
structures (296), reduced sperm production and disruption
of the hypothalamic-pituitary-gonadal axis (297), decreased
anogenital distance and decreased prostate and seminal vesicle
weights (298, 299), among others, represent just some of the
multiple observations performed.

Several studies have focused on the understanding of the
mechanisms involved in the damage of the male reproductive
system. Most of the xenobiotics act as endocrine disruptors in
multiple organs by mimicking naturally occurring hormones
or by binding to hormone receptors (e.g., ER, AR, TR, and
so forth) and blocking the action of the hormone. In some
cases, xenobiotics induce oxidative stress, decrease activities
of antioxidant enzymes and produce perturbation of the tight
junctional proteins (300, 301). In the testis, xenobiotics can alter
BTB integrity by promoting a loss of gap junction function (302).
Environmental toxicants also induce testicular cell apoptosis, and
the role of the Fas/FasL signaling pathway has been demonstrated
(303, 304). The latter reports represent a brief list of the numerous
effects of xenobiotics that have been observed on testicular
function. The majority of the studies were performed in adult
animals, while there are few investigations on the possible role
of xenobiotics in early periods of life when Sertoli cells are
proliferating. In the next paragraphs, available information on
the effects of toxicants on Sertoli cells during early periods of life
is presented.

Phthalic acid esters are widespread in the environment. These
compounds are used as plasticizers in food packaging, some
children’s products and some polyvinyl chloride (PVC) medical
devices. In vitro experiments show that low levels of mono
(2-ethylhexyl) phthalate (MEHP) disrupt Sertoli cell-gonocyte
physical interaction and suppress Sertoli cell proliferation (305).
In addition, treatment of neonatal rats with low levels of di (2-
ethylhexyl) phthalate (DEHP) and its metabolite, MEHP, induces
a decrease in Sertoli cell proliferation accompanied by a decrease
in cyclin D2 levels (306). More recently, it has been shown
that MEHP can disrupt prepubertal Sertoli cell proliferation by
increasing intracellular ROS levels (307). On the other hand, it
has been shown that another plasticizer of the phthalate family,
mono-n-butyl phthalate (MBP), induces immature Sertoli cell
proliferation up-regulating ERK1/2 signaling pathway (308).
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Bisphenol A (BPA) is a monomer used in the manufacture
of polycarbonate plastics and epoxy resins that are present in
multitude of consumer products. BPA is an estrogenic endocrine
disruptor very well-known for its ubiquitous presence and its
effects on male reproduction (309). It has been shown that
BPA alters Sertoli cell proliferation positively or negatively in
a highly dose dependent manner (310). Additional compounds
that can act as endocrine disruptors have been analyzed. It has
been shown that oral exposure to the pesticide methoxychlor,
a compound with estrogenic/antiandrogenic effects, reduces the
number of Sertoli cells. Consistent with the importance of
Sertoli cell number on daily sperm production, the study also
shows that adult testicular weight and the amount of epididymal
spermatozoa are significantly reduced (311). Zearalenone, a
mycotoxin that is present in human and animal food and that
has estrogenic activity, produces Sertoli cell cycle arrest that is
mediated by alterations in PI3K/Akt/mTORCI signaling (312).

Polychlorinated biphenyls, commonly called PCBs, are
mixtures of chlorinated compounds that were used as insulation,
coolants, and lubricants in transformers, capacitors, and other
electrical equipment. They were also used in plasticizers,
surface coatings, inks, adhesives, pesticides, and other products.
PCBs cause hypothyroidism in animals (313). Regarding Sertoli
cell proliferation, continuous exposure of lactating female
rats to PCBs increases testis weight, sperm production, and
Sertoli cell number in the adult male offspring. The observed
increase in Sertoli cell number has been directly related to the
hypothyroidism that these animals present (314, 315).

Our research group is presently investigating a possible
deleterious effect of glyphosate, a widely used herbicide in
agriculture, on Sertoli cell function. We have observed that
glyphosate and particularly its commercial formulation Roundup
decreases FSH-stimulated BrdU incorporation in Sertoli cell
cultures. A decrease in cyclins and an increase in cell cycle

Androgens
TH
RA
E2 *ERB
FSH Opioids
IGF-1/Ins
Activin A

Cytokines
E2 +ERa

FIGURE 1 | Schematic representation of the main regulators of proliferation and of cessation of proliferation and/or maturation of Sertoli cells. Hormones and
paracrine factors that stimulate proliferation are depicted in green and those that promote the cessation of proliferation and/or maturation are depicted in blue. Signal
transduction pathways and possible mechanisms involved are also included in the schema. FSH, Follicle-Stimulating Hormone; E2, 178-estradiol; ERa, Estrogen
Receptor a; GPER, G protein-coupled estrogen receptor; IGF-1, Insulin-like growth factor 1; ins, insulin; PI3K, phosphatidyl-inositide-3 kinase; ERK1/2, extracellular
regulated kinase 1/2; PKA, cAMP-dependent kinase; mTORC1, mammalian target of rapamycin complex 1; HIF2, Hypoxia inducible factor 2; TH, thyroid hormones;
RA, retinoic acid; ERB, Estrogen Receptor B; AMPK, AMP-activated protein kinase; SIRT1, sirtuin 1; Cx43, connexin 43.
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inhibitors expression were also observed, and these results
suggest that Roundup may affect Sertoli cell proliferation. In vivo
studies are currently being performed in order to establish the
actual impact of this herbicide in early periods of life.

Finally, gap junctions are potential targets for many
environmental compounds. At the gonadal level, by using the
Sertoli cell line SerW3, it has been reported that gap junctions
and Cx43 expression are particularly altered in response to a large
number of xenobiotics, such as toxins, xenoestrogens, pesticides,
herbicides, heavy metals, and non-ylphenol (316, 317). The
compelling evidence showing that Cx43 is essential for Sertoli
and germ cell proliferation, differentiation, and survival and that
environmental toxicants can interfere with normal Sertoli cell
proliferation by altering Cx43 expression has been extensively
reviewed by Pointis et al. (318).

In summary, experimental evidence indicate that Sertoli cell
proliferation can also be a process that may be disturbed as a
result of the exposure to environmental toxicants.

CONCLUSION

The final number of Sertoli cells reached during the proliferative
periods determines both adult testicular size and sperm
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Cell-matrix interactions play important roles in pituitary development, physiology, and
pathogenesis. In other tissues, a family of non-collagenous proteins, termed SIBLINGs,
are known to contribute to cell-matrix interactions. Anterior pituitary gland expresses two
SIBLING genes, Dmp1 (dentin matrix protein-1) and Spp1 (secreted phosphoprotein-1)
encoding DMP1 and osteopontin proteins, respectively, but their expression pattern
and roles in pituitary functions have not been clarified. Here we provide novel evidence
supporting the conclusion that Spp7/osteopontin, like Dmp1/DMP1, are expressed in
gonadotrophs in a sex- and age-specific manner. Other anterior pituitary cell types do
not express these genes. In contrast to Dmp1, Spp1 expression is higher in males; in
females, the expression reaches the peak during the diestrus phase of estrous cycle.
In further contrast to Dmp7 and marker genes for gonadotrophs, the expression of
Spp1 is not regulated by gonadotropin-releasing hormone in vivo and in vitro. However,
Spp1 expression increases progressively after pituitary cell dispersion in both female
and male cultures. We may speculate that gonadotrophs signal to other pituitary cell
types about changes in the structure of pituitary cell-matrix network by osteopontin, a
function consistent with the role of this secretory protein in postnatal tissue remodeling,
extracellular matrix reorganization after injury, and tumorigenesis.

Keywords: pituitary, gonadotrophs, SIBLINGs, Spp1, osteopontin, Dmp1, GnRH, cell-matrix

INTRODUCTION

Cell—extracellular matrix (ECM) tridimensional network is critical for the proper functioning of
all tissues (1), including anterior pituitary gland (2). Individual components of ECM include two
main classes of macromolecules; proteoglycans and fibrous proteins (laminin, collagens, elastins,
and fibronectin) (3, 4). The effects of the ECM are mediated mainly by plasma membrane receptors
called integrins; individual components of ECM bind to different integrins, leading to activation
of multiple signaling pathways (5). In anterior pituitary, the presence of ECM molecules, like
collagens, laminin, and small leucine-rich proteoglycans, and cell types producing these proteins
have been identified (6-10). Pituitary cells also express integrins (11). There is increasing evidence
that ECM is critical for development and differentiation of the pituitary gland (12), for postnatal cell
migration and pituitary remodeling (13), and for hormone secretion (14, 15). As in other tissues,
ECM molecules may also have important roles in pituitary tumorigenesis (16).
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In addition to proteoglycans and fibrous proteins, ECM
contains other proteins, including SIBLINGs (Small Integrin-
Binding Ligand, N-linked Glycophosphoproteins). SIBLINGs
are encoded by a family of five genes, comprising secreted
phosphoprotein 1 (Sppl1), which encodes osteopontin (OPN),
integrin-binding sialoprotein, which encodes bone sialoprotein,
and dentin matrix protein 1 (DmpI), dentin sialophosphoprotein
and matrix extracellular phosphoglycoprotein, which encode
proteins with the same name (17). SIBLINGs are soluble, secreted
proteins that can act as modulators of cell adhesion as well
as autocrine and paracrine ligands for ECM receptors. For
example, OPN activates a variety of integrin receptors as well
as CD44 receptor splice variants (18). The ligand activities of
SIBLINGs are modulated by post-translational modifications,
such as phosphorylation, glycosylation, proteolytic processing,
sulphation, and transglutaminase cross-linking (19, 20).

SIBLINGs were initially described as mineralized tissue-
associated genes (21). However, recent findings indicate that they
are more widely distributed, including normal ductal epithelia
in salivary gland (22) and kidney (23). Spp1/OPN were also
detected in central nervous system (24), where they may play a
role in neurodegenerative diseases, such as Alzheimer’s disease
(25), Parkinson’s disease (26), and multiple sclerosis (27, 28).
Dmp1/DMP1 was reported to be expressed in the brain, as well
as in the liver, muscle, pancreas and kidney (29). SIBLING gene
family is also expressed in various tumors (18, 30) and OPN was
suggested to be a valuable biomarker for diagnosing and treating
cancers (31).

Our recent RNA-sequence analysis revealed that Dmpl and
Sppl, but no other SIBLING genes, were also expressed in
anterior pituitary cells (32). The expression of Dmp] is restricted
to gonadotrophs, cells that produce luteinizing hormone (LH)
and follicle-stimulating hormone (FSH), and is stimulated by
gonadotropin-releasing hormone (GnRH) but not by other
hypothalamic releasing factors. GnRH-induced expression of this
gene is coupled with release of DMP1 in extracellular medium
through the regulated secretory pathway. In vivo, the sex-specific
pituitary Dmp1 expression is established during the peripubertal
period and is elevated after ovulation. GnRH induction of
Dmpl is mediated by the protein kinase C signaling pathway
through ERK1/2 signaling pathway; in addition, the response
is facilitated by progesterone (32). It has also been shown that
Sppl is expressed in gonadotrophs and that mRNA levels were
down regulated in anterior pituitary of lactating animals and by
injection of estradiol (33).

Here we summarize work on Sppl expression in rat anterior
pituitary cells in vivo and in vitro. These include sexual
dimorphism in Sppl expression during maturation, effects of
cell-matrix network destruction by cell dispersion procedure on
Sppl expression, and evaluation of the role of GnRH receptors
(GnRHR) in the expression of this gene. We also studied the

Abbreviations: DMPI1, dentin matrix protein 1; ECM, extracellular matrix;
FSH, follicle-stimulating hormone; GnRH, gonadotropin-releasing hormone;
GnRHR, GnRH receptor; LH, luteinizing hormone; OPN, osteopontin; SIBLINGs,
small integrin-binding ligand, N-linked glycophosphoproteins; SpplI, secreted
phosphoprotein 1.

expression pattern of OPN in prepubertal females and males and
cycling females as well as the cell type specificity in expression of
this protein. Finally, we compared Sppl expression with Dmp]1
expression in pituitary gonadotrophs.

METHODS

Animals

Experiments were performed with female and male Sprague
Dawley rats obtained from Taconic Farms (Germantown, NY).
Animals were housed under constant conditions of temperature
and humidity, with light on between 6a.m. and 8 p.m. All
experiments were repeated at least three times and were approved
by the NICHD Animal Care and Use Committee (16-041).

Ontogeny of Spp7/OPN Expression
Experiments were performed with 2 days to 12 weeks old female
and male rats. In some postpubertal females, a vaginal smear was
taken of adult females to obtain information about the estrous
cycle stage. Vaginal material was stained by a 0.1% aqueous
solution of methylene blue and examined under a microscope.
Animals were euthanized via asphyxiation with CO; and whole
pituitary or anterior pituitary glands were removed and used for
histological preparations or RNA extraction as described below.

Anterior Pituitary Cell Culture

For in vitro experiments, 4- or 7-week-old female and male
rats were euthanized in the morning. After decapitation
anterior pituitary glands were removed and pituitary cells were
mechanically dispersed after trypsin and EDTA treatments as
previously described (34). Dispersed cells were seeded on poly-
D-lysine coated 24-well plates, 1.5 million per well. Plated cells
were initially cultured in medium 199 containing Earle’s salts,
sodium bicarbonate, penicillin (100 units per ml), streptomycin
(100 pg per ml) and 10% heat-inactivated horse serum (Life
Technologies, Grand Island, NY). If not otherwise specified,
experiments were performed with cells cultured overnight,
washed and bathed in medium 199 with Hanks salt and
containing 0.1% BSA. At the end of experiments, attached cells
were scraped for RNA extraction.

In Vivo Treatments

Four- or seven-week-old female and male rats were injected
once intraperitoneally with a GnRHR agonist, buserelin acetate
(5 ng/0.4 ml/per animal) from Sigma (St. Louis, MO) or PBS
(0.4 ml/per animal). Euthanasia was performed 3, 6, or 9h
after intraperitoneal injections. After decapitation, blood was
collected, and serum was separated and stored at —80°C for
LH concentration measurement. The whole anterior pituitaries
were collected in RNA later stabilization solution (Thermo Fisher
Scientific, Waltham, MA) for RNA extraction.

qRT-PCR Analysis

Total RNA was extracted from individual anterior pituitary
glands and primary cultures of anterior pituitary cells using
RNeasy Plus Mini Kit (Qiagen, Valencia, CA). RNA was
reverse transcribed with a Transcriptor First Stand cDNA
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Synthesis Kit (Roche Applied Sciences, Indianapolis, IN).
Quantitative RT-PCR was performed using Applied Biosystems
pre-designed Tag-Man Gene Expression Assays for rats using
the LightCycler® TagMan® Master Mix and the LightCycler
2.0 Real-time PCR system (Roche Applied Science). Target
gene expression levels were determined by the comparative
2"(-delta C(T)) quantification method using Gapdh as the
reference gene, which was previously established to be a suitable
reference gene for the anterior pituitary tissue (35). Applied
Biosystems predesigned TagMan Gene Expression Assays were
used: Dmpl: Rn01450122_m1, Sppl (Rn00681031_m1), Gnrhr
(Rn00578981_m1), and Gapdh: Rn01462662_g1.

Immunohistochemical Analysis

Whole pituitaries were quickly and carefully isolated and fixed in
Bouin’s solution for 48 h. Tissue was then embedded in paraffin
and cut in coronal plane. Five pm thick sections were mounted
on glass slides and processed for immunohistochemistry as
previously described (36, 37). Briefly, after deparaffinization,
antigen retrieval in citrate buffer (0.01 M, pH 6) was performed.
Monoclonal OPN antibody (The Developmental Studies
Hybridoma Bank, Iowa City, IA) in 1:400 dilution was applied
overnight at 4°C. Secondary donkey anti-mouse-HRP (Santa
Cruz Biotechnology, Dallas, TX) was then applied at 1:200
dilution for 2h, and visualization was afterwards performed
with diaminobenzidine tetrahydrochloride (Vector Laboratories,
Burlingame, CA). Slides were mounted with DPX (Sigma, St.
Louis, MO) and sections examined under an Olympus BX61
microscope. For double immunofluorescence studies, after
incubation of sections with the OPN antibody, secondary
Alexa Fluor donkey-anti-mouse 488 (Thermo Fisher Scientific,
Waltham, MA) was applied at 1:400 dilution for 2h. Sections
were then incubated for 2h with rabbit-anti rat LH or guinea
pig-anti FSH (1:500 dilution) obtained from Dr. A. F. Parlow
(National Institute of Diabetes and Digestive and Kidney
Diseases, National Hormone and Peptide Program, Torrance,
CA). Following the incubation with donkey-anti rabbit or
donkey-anti guinea pig 555 Alexa Fluor secondary antibodies
(1:400 dilution) slides were mounted with Mowiol based
mounting medium and examined under inverted Zeiss LSM 510
confocal microscope. Triple immunofluorescence labeling was
done as described above using Alexa Fluor Dyes: donkey-anti
rabbit 488, donkey-anti guinea pig 555, and donkey-anti mouse
647 (Thermo Fisher Scientific, Waltham, MA), and the sections
were examined under Leica TCS SP5 II confocal microscope.

Statistics

All numerical values in the text are reported as the mean
+ SEM from one of at least three similar in vivo or
in vitro experiments. KaleidaGraph Program (Synergy Software,
Reading, Pennsylvania) was used for all calculation and
graph presentation. Significant differences between means were
determined by a Student’s t-test or an ANOVA accompanied
with the post hoc Student-Newman-Keuls test as well as
for regression/correlation analyses and calculation of the half
time of decay in gene expression. P-values of <0.05 were
considered significant.

RESULTS

Spp1 Is Expressed in Anterior Pituitary of
Developing Animals in a

Sex-Specific Manner

The Spp1 expression was investigated in male and female anterior
pituitary tissue from 2 days to 12 weeks old rats (Figure 1A).
During this period, the gene was expressed in both sexes
and the mRNA expression varied between 5 and 70% of the
expression of Gapdh, a housekeeping gene. Pituitaries obtained
from animals up to 3 weeks of age showed no sex difference
in the expression of Sppl. From week four onward, however,
the sex-specific expression pattern was established. First, Spp1l
levels were always significantly higher in male pituitaries. Second,
there were differences in terms of timing needed to reach the
peak in mRNA expression. In males, there was a progressive
increase in Spp1 expression, reaching the peak value at 5 weeks of
age, with ~13-fold increase in expression when compared to the
second day of age. This was followed by a progressive decrease
in gene expression during peripubertal and postpubertal periods.
In females, however, the first peak in expression was reached
during infantile period, with an ~3-fold increase compared to
the second day of age. This was followed by a gradual decline
during the juvenile, peripubertal and postpubertal age, with
a secondary transient increase in expression at the age of 8
weeks (Figure 1A).

In both female and male rats, the developmental profiles of
Spp1 were highly comparable to profiles of major gonadotroph-
specific (hereafter marker) genes, Gnrhr, Lhb, and Fshb, as
well as to the gonadotroph/thyrotroph-specific gene Cga
(35). This prompted us to examine the relationship between
Sppl expression vs. marker gene expression during sexual
maturation. This was done using a linear correlation analysis
and the Pearson r-coeflicient as an indicator of significance
of correlation. Scatter data points for Gnrhr vs. Sppl in
developing males (Figure1B) and females (Figure 1C),
had a linear tendency, with the r value significant in
both cases.

Furthermore, Sppl expression correlated well with the
expression of Lhb, Fshb, and Cga in males (Figures 2A-C). There
was also correlation between SppI vs. Cga in females (Figure 2F),
with comparable r-coefficient values in females and males, as
well as between SppI and Lhb expression (Figure 2D), but with
lower r-coeflicient in females when compared with males. Finally,
the r-coeflicient value was not significant when SppI expression
was compared with Fshb expression in females (Figure 2E). The
data points from prepubertal females (shown in gray) and in
postpubertal females (shown in white) suggest that correlation
was attenuated in postpubertal animals.

To clarify how the estrous cycle influences gene expression,
we examined Lhb, Fshb, Cga, and Sppl expression in pituitaries
from proestrus, estrus, and combined diestrus-1 (metestrus)
and diestrus-2 animals. The expression of Lhb, Fshb, and Cga
was highest in diestrus animals and lowest in estrus animals
(Figure 2G). The pattern of Sppl expression during of estrous
cycle was different: the smallest was during proestrus (2.84 +
0.70, n = 14), followed by estrus (7.50 £ 0.89, n = 8; P < 0.01
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Prepubertal female Prepubertal male

FIGURE 3 | The sex-specific expression pattern of osteopontin (OPN) in the
anterior pituitary tissue from prepubertal female and male rats. Male tissue
sections contained greater number of labeled cells which were more
homogenously distributed, when compared to female pituitary tissue. Scale
bar of 200 um applies to both images.

vs. proestrus) and the largest was during the diestrus (17.36 +
1.89, n =15; P < 0.01 vs. proestrus).

In contrast to gonadotroph marker genes, no correlation was
observed between Sppl expression vs. expression of Pomc, a
marker gene for corticotrophs and melanotrophs, Tshb, a marker
gene for thyrotrophs, GhlI, a marker gene for somatotrophs, and
Prl, a marker gene for lactotrophs (data not shown).

These results suggest that Spp1 is expressed in pituitary gland
in a sex-specific manner and that expression of this gene during
development is synchronized with expression of gonadotroph
signature genes, a finding consistent with a hypothesis that this
gene is active only in gonadotrophs. However, the expression of
Spp1 is regulated differently than the expression of gonadotroph
marker genes during the estrous cycle.

In vivo OPN Is Specifically Expressed in
Pituitary Gonadotrophs

To  clarify this  hypothesis, we  performed an
immunohistochemical analysis of pituitary tissue using
antibodies specific for OPN, a protein encoded by SppI, LHB,
and FSHP. This analysis confirmed that OPN was also present in
both female and male pituitary cells during sexual maturation.
Figure 3 shows OPN-positive cells in female and male pituitaries
from prepubertal animals, with more positive cells observed
in male pituitaries. In parallel to mRNA expression, OPN-
positive cells were also visible in peripubertal and postpubertal
anterior pituitaries from both sexes and with greater number of
labeled cells in male tissue sections (data not shown). Finally,
double immunohistochemical labeling indicated that all OPN-
positive cells in males and females were also LHf positive,
i.e., that Sppl1/OPN are specifically expressed in LHp-positive
gonadotrophs (Figure 4). Finally, triple immunohistochemical
labeling indicated that most of the OPN positive cells in males
were positive for both LHB and FSHp (Figure 5).

However, OPN labeling was not visible in all gonadotrophs
(Figures 4, 5), suggesting that in vivo expression of OPN was
bellow detection by immunohistochemistry in a fraction of
these cells. In parallel to Sppl expression during estrous cycle

(Figure 2G), greater number of OPN-positive gonadotrophs
could be observed in diestrus when compared to other stages
of the estrous cycle. Furthermore, OPN-positive gonadotrophs
were more intensely labeled in diestrus (Figure 6). Finally, the
difference in the expression of gonadotroph marker genes and
Sppl during estrous cycle suggest that Sppl expression was
probably independent of the status of GnRH secretion.

Basal Spp1 Expression Is Upregulated in
Cultured Pituitary Cells

Next, we investigated the expression of basal Sppl in primary
pituitary cell cultures. After cell dispersion, the Sppl expression
progressively increased as a function of time in both female
and male pituitary cell cultures. The upregulation of SppI
expression persisted over several days; Figure 7A illustrates the
time course of upregulation of Spp1 expression during the first 3
days of culturing in medium 199 containing 10% horse serum.
Similar growth profiles in Sppl expression were observed in
cells cultured in medium 199 containing fetal calf serum (data
not shown). In cells cultured in serum-free and 0.1% BSA-
containing medium, the growth in gene expression was not
abolished and the rate of expression was only slightly attenuated.
For example, in cells from 7-week old females cultured overnight
in horse-serum containing medium or 0.1% BSA-containing
medium, the expression of Sppl was 53.21 £ 2.52 and 43.88
+ 3.26, respectively. In contrast to Sppl, the expression of
Gnrhr decreased progressively with culturing time [Figure 7B
and (38)]. This indicates that loss of pulsatile GnRH stimulation
and tridimensional pituitary structure has opposite effect on
expression of SppI and gonadotroph marker genes.

The Sppl expression in pituitary cells cultured in poly-D-
lysine coated wells for 48h was 112 £ 24, while in collagen-
coated wells was 134 =+ 36, both relative to Gapdh expression (n
= 6). However, the rate in Sppl expression decreased in female
pituitary cells cultured in horse serum- and BSA-containing
medium when media were replaced with fresh medium once
or twice during 72h incubation (Figure 7C). In contrast, the
decay in Gnrhr expression was not affected by washing procedure
(Figure 7D). These observations are consistent with a hypothesis
that an autocrine or paracrine factor, other than GnRH (39),
stimulates Spp1 expression.

Spp1 mMRNA Expression Is Not Regulated
by GnRH

To evaluate effects of GnRH on Sppl mRNA expression more
directly, we performed two types of experiments, in vitro and
in vivo. Figure 8 summarizes experiments done with pituitary
cells derived from 4-week old females and males. Treatment
of 20 h-old cultures of these cells with 10nM GnRH during
8h incubation did not affect Sppl expression (Figure 8A). In
contrast, the expression of a sister gene Dmpl increased in
a time-dependent manner, with a peak in response after 4h
of incubation (Figure 8B). The expression of Gnrhr was also
stimulated by GnRH in both pituitary cultures, from females and
males (Figure 8C).
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Osteopontin

FIGURE 4 | OPN expression in the adult pituitary tissue is sex-specific and restricted to gonadotrophs. Immunofluorescence staining for OPN and LHB in the anterior
pituitary tissue from adult female (top) and male (bottom) rats. Scale bar of 20 um applies to all images.

Overlay

Osteopontin FSHB

FIGURE 5 | Triple immunofluorescence labeling for OPN (green), FSHB (red), and LHB (blue) in adult male rat pituitary tissue. Low magnification images (upper row)
show that all OPN-positive cells were also LHB-positive; most of the OPN-positive cells are both FSHB and LHB-positive. However, OPN was not visible in all
gonadotrophs. Scale bar: 100 um. High -magnification of triple immunofluorescence labeling for OPN, FSHB and LHB (bottom row) shows a cluster of gonadotroph
cells, most of which show immunoreactivity for all three markers. Scale bar: 10 pm.

Overlay

The results of in vivo experiments with 4-week-old female
and male rats were summarized in Figure9. Animals were
intraperitoneally injected with saline solution (solvent) or 5 g
of buserelin acetate, a GnRHR agonist. Animals were sacrificed
3, 6, and 9h after injection, blood was collected for serum LH
measurements and pituitary glands were removed for qRT-PCR

analysis. LH measurements confirmed that stimulus secretion
coupling was operative under these experimental conditions
(data not shown). We also observed a progressive Dmpl
expression of comparable levels to those observed in cultured
pituitary cells (Figure 9A). However, buserelin acetate treatment
did not affect Spp1 expression (Figure 9B).
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(P) and estrus (E). Scale bar = 20 um applies to all images.

LHB

FIGURE 6 | Estrous cycle influences OPN expression in the pituitary tissue. Gonadotrophs were more intensively labeled in diestrus (D), when compared to proestrus

Overlay

We also performed two in vitro experiments using pituitary
cells from 7-week-old female rats. In the first experiment, cells
were cultured overnight in GnRH-free medium, and after that for
2-60h in the presence and absence of 10 nM GnRH. Under these
conditions, GnRH-induced expression of Dmpl (Figure 10A,
top), with kinetics comparable to that we reported earlier,
with a peak in response observed after 6h GnRH application,
followed by a decay to levels that were on the edge of detection
by qRT-PCR (32). The subsequent application of GnRH was
inefficient, indicating that decay in Dmp1 expression is not due
to degradation of GnRH but reflects desensitization of response
(data not shown). In contrast, during 60 h of incubation, there
was a progressive increase in Sppl expression in both controls
and 10nM GnRH-treated cells, but no significant differences
between treated and untreated cells at the same time points
(Figure 10A, bottom).

In the second experiment, pituitary cells were initially
cultured for 96h without GnRH, followed by washing and
addition of fresh medium supplemented with 10nM GnRH.
Under these conditions, we also observed a time-dependent
induction of Dmpl expression by GnRH (Figure 10B, top),
indicating that GnRH-induced intracellular signaling and
stimulus transcriptional coupling were still operative. However,
the expression of Spp1 was comparable in all groups (Figure 10B,
bottom). In vivo injected buserelin acetate to 7-week old females

also stimulated Dmpl expression and did not affect Sppl
expression (Figure 10C).

In vitro experiments were also done with pituitary cultures
from 2-, 3-, 6-, 8-, 9-, and 12-week old animals and no change
in Spp1 expression was observed in GnRH (10 nM)-treated cells
(data not shown), further supporting the view that GnRH does
not regulate Spp1 expression. We also treated cultured cells with
100 nM thyrotropin-releasing hormone, 100 nM corticotropin-
releasing hormone, 100 nM somatostatin-28, 1 pM dopamine,
1 uM oxytocin, 1 uM PACAP28, 1 wM endothelin-1, 25 ng/ml
activin, 100 ng/ml IGF, 10 ng/ml EGE, and 2 ng//ml TGF1 for
6h. None of these treatments affected SppI expression in vitro
(data not shown).

DISCUSSION

The expression of OPN mRNA in pituitary gonadotrophs has
been reported previously (33). Here we provide further evidence
that Spp1 is expressed in gonadotrophs but not in other pituitary
cell types. First, the developmental pattern of SppI1/OPN is sex-
specific and comparable to that observed for Lhb, Fshb, and Gnrhr
(35), the well-established marker genes for gonadotrophs (40).
Second, there was no correlation between Sppl vs. Ghl, Prl,
Tshb, and Pomc, the marker genes for somatotrophs, lactotrophs,

Frontiers in Endocrinology | www.frontiersin.org

34

April 2019 | Volume 10 | Article 248


https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org
https://www.frontiersin.org/journals/endocrinology#articles

Bjelobaba et al. Pituitary Gonadotrophs Express SIBLINGs

A B
4001 1000
c o
S 300 5 100~
@ Male ? Sppi
o o
[oX o
X 200 3 10 -
~ ()
g Female S Gnrhr
@ 100} © 1r
0 1 | J 0.1 I I J
0 1 2 3 0 1 2 3
Time after cell dispersion (days)
C D
400— 8—
M HS no replacement
- O HS replacement
S 3001 &5 6 O BSA replacement
8 3
g g
2 200 — X 41—
Q £
& g
100 G 2
oL — Il ol ljj ﬂj
0 1 2 3 0 1 2 3

Time after cell dispersion (days)

FIGURE 7 | Culturing of dispersed pituitary cells stimulates Spp7 expression. (A) The time course of basal Spp7 expression in cultured pituitary cells. Cells were
derived from 7-week-old female and male rats. Zero indicates Spp1 expression levels immediately after cell dispersion. Cells were cultured in medium 199 containing
horse serum. (B) Opposite effects of dispersion and culturing of pituitary cells from females on Spp7 and Gnrhr expression. In (A) and (B), cells were continuously
cultured in medium 199 containing horse serum without replacement of old medium with fresh. (C,D) Effects of replacement of culturing medium on rate of basal
Spp1 (C) and Gnrhr (D) expression. Old media were replaced with fresh media after 12, 36, and 60 h incubation and cells were collected for MRNA extraction
immediately after dispersion, and 24, 48, and 72 h after dispersion.

A B C
80 10
8
5 60 ?/i/‘\’/{ e T e
[
4 S 6 4
Q L Qo | o
5 3 3
~ ~ A
S O females g 4 g
@ 20+ @ males Q of G
oul Il | | | oL# 1 1 1 | 0 | | | | |
0 2 4 6 8 0 2 4 6 8 0 2 4 6 8
10 nM GnRH (hours) 10 nM GnRH (hours) 10 nM GnRH (hours)

FIGURE 8 | The lack of an ability of GnRH to stimulate Spp7 expression in cultured anterior pituitary cells. Experiments were performed with cells from 4-week-old
females and males. Cells were cultured overnight in medium 199 containing horse serum, which was replaced with BSA-containing medium 199 supplemented with
10nM GnRH in the morning, cultured for O to 8 h, and mRNA was extracted for measurement of Spp1 (A), Dmp1 (B), and Gnrhr (C) expression.

Frontiers in Endocrinology | www.frontiersin.org 35 April 2019 | Volume 10 | Article 248


https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org
https://www.frontiersin.org/journals/endocrinology#articles

Bjelobaba et al.

Pituitary Gonadotrophs Express SIBLINGs

FEMALES MALES
A 3o ol
=
o
2 20
(0] *
s
x
= 10 x T
§ ’_L‘ ’—L‘ :
*
Al 0=
B
30
|:| Control

=
2 I:‘ Buserelin
o 20
o
o
x
(0]
‘é 10+ T
U)

0_

3 6 9 3 6 9

Time after injection (hours)

FIGURE 9 | The lack of an effect of GnRHR agonist injection in vivo on Spp1
mRNA expression in anterior pituitary gland. Prepubertal (4-week-old) female
and male rats were injected with buserelin acetate, a GnRHR agonist (5
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after injection, anterior pituitary glands were removed and gRT-PCR analysis
for Dmp1 (A), Spp1 (B), and Gapdh was performed; asterisks indicate
significant differences vs. the corresponding solvent injected animals; p < 0.05
or higher.

thyrotrophs, and corticotrophs, respectively. Third, immuno-
histochemical analysis showed the expression of OPN only in
LHB- and LHB/FSH- positive cells. Our recent single cell RNA-
sequence also showed the expression of Sppl in gonadotrophs
only (NCBI Sequence Read Archive accession SRP151788). Thus,
Sppl is an additional gonadotroph-specific gene.

The expression of gonadotroph-marker genes, such as Lhb,
Fshb, and Gnrhr, is regulated by GnRH (41). Previously
we also showed that pulsatile GnRH application facilitated
expression of numerous genes, including Fshb, Cga, and Gnrhr,
but not Sppl (32). Here we show that both in vitro and
in vivo activations of GnRHR were ineffective in induction
of Sppl. We also show that Sppl expression varies during
estrous cycle, with the pattern not comparable to endogenous
GnRH release. Activation of other G protein-coupled receptors
expressed in gonadotrophs was also ineffective. In other tissues,
the expression of OPN is up-regulated by numerous growth
and differentiation factors, including transforming growth
factor-p superfamily, bone morphogenic proteins, epidermal
growth factors, platelet-derived growth factor, and inflammatory
cytokines. Also, steroids, retinoic acid, glucocorticosteroids, and
1.25-dihydroxyvitamin D3 increase OPN expression (42). In our
experiments, IGE, EGE, TGFf1, and activin were ineffective.

We established previously that Dmpl is a gonadotroph-
specific gene within cells of anterior pituitary gland (32).
However, the expression of these two SIBLING genes in

gonadotrophs varies. Both genes are expressed in vivo in a sex-
specific manner, but the expression of Sppl was always higher
in males and Dmpl was always better expressed in females. In
postpubertal females, the expression of Sppl was largest during
the diestrus stage of estrous cycle, whereas the expression of
Dmpl was most prominent during the late proestrus. In further
contrast to Spp1, the expression of Dmp1 in vivo and in vitro was
regulated by GnRHR; continuous GnRH application caused a
transient stimulation of DmpI expression followed by prolonged
desensitization. Thus, although Dmp] is a sister gene of Spp1, it
follows the expression pattern of Lhb, Fshb, and Gnrhr (32, 41).

The role of pituitary gonadotrophs in reproduction is well-
established. Work with expression of SIBLINGs in pituitary gland
indicates that gonadotrophs may have an additional cell-type
specific function in anterior pituitary gland. At the present time,
this function is unknown. Based on functions of OPN and DMP1
in other tissues, we may speculate that these proteins contribute
to the proper organization of the celllECM tridimensional
network, the former in GnRHR-dependent manner and the latter
in a GnRHR-independent manner. The work on development of
pituitary gland has indicated that, at birth, the pituitary cell types
are roughly organized into layers with gonadotrophs being the
most ventral (43). However, by adulthood spatial organization
of the cell types appears more random (44). It has also been
proposed that layering of pituitary cell types at birth could be
required to establish networks of specific cell types, rather than
a relationship with the timing of cell cycle exit (45). Thus, it
is reasonable to speculate the potential role of these proteins in
postnatal organization of pituitary.

We also present evidence, for the first time, that Sppl
expression increased progressively after pituitary cell dispersion
in both female and male cultures, reaching 30-40-fold increase
in mRNA levels within 3 days. Such response suggests that
OPN signals to other pituitary cell types for changes in cell-
matrix network structure. Sppl is also upregulated as early as
6 h after skin wounding and healing was altered in mice lacking
a functional Sppl. This and some additional analyses led the
authors to conclude that OPN has a role in tissue remodeling and
during matrix reorganization after injury (46). In general, OPN
has been shown to promote attachment and spreading of a variety
of cell types through its glycine-arginine-glycine-aspartate-serine
cell binding domain, i.e., OPN can be classified as an adhesive
protein (47). Thus, OPN may represent an initial signal for
reconstruction of tridimensional structure of pituitary gland.

Consistent with this hypothesis, it has been shown that
rat anterior pituitary cells in vitro can partly reconstruct the
topographic nature of the pituitary gland, which includes few
junctional complexes between hormone-producing cells (48).
More recently, the same group reported about reassembly of
anterior pituitary organization by hanging drop cell culture.
Specifically, the authors reported that the topographic affinities of
hormone-producing cells were maintained, that folliculostellate
cells were interconnected with typical cytoplasmic protrusions to
form tridimensional network, with the major ECM components,
collagens and laminin, being deposited and distributed around
the cells (49). It has also been reported that gonadotrophs can
signal to the lactotrophs through the release of a paracrine
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FIGURE 10 | The lack of an effect of GnRHR activation on Spp1 expression in vitro (A,B) and in vivo (C). Experiments were performed with 7-week-old females. (A)
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humoral factor distinct from LH and FSH and in a GnRH-  these receptors. In general, OPN binds to several integrins,
independent manner (50). Further studies indicated that a  including av(fl, B3, or B5), and (a4, a5, a8, or a9)p1, and is a
common alpha subunit of pituitary gonadotropins accounts ligand for CD44 receptor splice variants, specifically v6 and/or v7
for influence of gonadotrophs on lactotroph functions (51-53).  possibly in conjunction with a 1 integrin (63). It is also known
We may speculate that OPN is another protein released by  that exogenous addition of OPN to OPN-/- osteoclasts increased
gonadotrophs, which contributes to the crosstalk among anterior ~ the surface expression of CD44 (64). The expression of avp3
pituitary cells. integrin was reported in immortalized GHj3 lacto-somatotrophs
Dispersion of pituitary cells could be considered as the stress  (65). It has also been reported that cultured rat anterior pituitary
situation for pituitary tissue. In general, OPN plays a role in  cells expressed the p1 integrin subunit (11) as well as that integrin
immune regulation and stress responses (54). It has also a role  B1 signaling is required for the proliferation of folliculostellate
in mediating oxidative stress (55), mechanical stress (56), and  cells in rat anterior pituitary gland under the influence of ECM
cellular stress (57). OPN also plays a significant role in the  (66). To our best knowledge, at the present time no data exist
regulation of the hypothalamus-pituitary-adrenal axis hormones  describing the expression of Cd44 and its protein in normal
in animals exposed to chronic restraint stress (58). Cancer also ~ mammalian anterior pituitary cells.
reflects the loss of tissue organization and aberrant behavior of In summary, here we provide further evidence for the
the cellular components and tumors have been likened to wounds ~ expression of Sppl and Dmpl in pituitary gonadotrophs, but
that fail to heal (4). Not surprising, elevated OPN expression  not other pituitary cell types, in an age-, sex-, and estrous cycle
has been detected in numerous tumors (59-61). Elevated OPN  stage-specific manner. Two genes also differ in regulation of their
levels were also detected in silent corticotroph adenomas and  expression; Dmpl expression is regulated by GnRH, whereas
non-functioning gonadotroph adenomas (62). OPN expression  Sppl expression increases progressively in culturing pituitary
is inhibitable on the levels of gene transcription and the RNA  cells in a GnRH-independent manner, presumably in response to
message, and its protein ligand activity can be blocked with  an unidentified paracrine factor. Further work should be focused
antibodies or synthetic peptides, which led to idea to consider ~ on secretion of these two proteins by gonadotrophs under
OPN as a candidate target for cancer therapy (63). different experimental paradigms, characterization of integrin
For understanding the signaling function of OPN in intact = and CD44 receptors within the secretory and non-secretory
pituitary gland, dispersed pituitary cells, and pituitary tumors,  anterior pituitary cells and their signaling pathways, and function
it is critical to identify OPN receptors and cell types expressing  in pituitary gland.
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It is now widely accepted that magnocellular vasopressinergic neurons in the supraoptic
and paraventricular nuclei participate in the control of adrenocorticotropin secretion by
the anterior pituitary gland. However, it remains to be explored in further detail, when and
how these multifunctional neurons are involved in the control of anterior pituitary function.
This paper highlights the role of magnocellular vasopressin in the hypothalamic pituitary
adrenocortical axis with special reference to escape from glucocorticoid feedback
inhibition. The signaling mechanisms underlying glucocorticoid escape by pituitary
corticotrope cells, as well as the wider physiologic and pathologic contexts in which
escape is known to occur—namely strenuous exercise, and autoimmune inflammation
will be considered. It is proposed that by inducing escape from glucocorticoid feedback
inhibition at the pituitary level, magnocellular vasopressin is critically important for the
anti-inflammatory, and immunosuppressant actions of endogenous corticosteroids.

Keywords: vasopressin, adrenal corticosteroids, ACTH, dexamethasone non-suppression, interleukin-6, agonist-
induced plasticity

INTRODUCTION

This paper is the consequence of a symposium held in the honor of the late Dr. Kevin J. Catt
(1932-2017) at Semmelweis University in Budapest. As a first year student at this institution, which
has a tradition of teaching medicine for 250 years, I was handed the course textbook, “Functional
Anatomy” by Janos Szentdgothai (Schimmer) (1). First published as a single author book in 1971,
this tome managed a readable, if in places decidedly subjective synthesis of classic gross anatomy
and histology with modern studies of ultrastructure, physiology, and biochemistry. The didactic
approach was unashamedly teleologic in emphasizing the unity of form and function. However, it
went beyond Aristotelian metaphysics. It was an almost poetic celebration of the harmony of the
human body, of how, from single cells to complex organs, structure reflected purpose, and function.
The scientific oeuvre of Kevin Catt heralds the beginning of a new era where the structures and
regulatory properties of cells are pared back to their ultimate molecular constituents. Now in full-
swing, this era of discovery is best symbolized by the complex analysis of individual cells, involving
the combination of multi-parameter imaging with transcriptomics, and proteomics (2). We are able
to map how the seemingly stochastic expression of genes underpins the functional plasticity of cell
populations to support macroscopic physiologic reflexes and control mechanisms. This review aims
to follow the path of Szentdgothai in the quest for achieving the synthesis of structure and function,
also incorporating the molecular insights of cellular signaling pathways pioneered by Kevin Catt.
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AN OUTLINE OF THE HYPOTHALAMIC-
PITUITARY-ADRENOCORTICAL AXIS

The hypothalamic-pituitary-adrenocortical system comprises
a classic neuroendocrine regulatory feedback circuit.
Neuroendocrine neurons in the hypothalamus drive the secretion
of adrenocorticotropin (ACTH) by releasing neuropeptides,
namely 41-residue corticotropin releasing-factor (CRF) and
vasopressin (VP), into hypophysial portal blood-vessels that
irrigate the anterior pituitary gland (3). These neurons receive
a large number of diverse neural inputs from various parts of
the brain that contribute to the hormonal response to stress
(4-8). The production and secretion of steroid hormones—
glucocorticoids, as well as mineralocorticoids—by the adrenal
cortex is stimulated by ACTH secreted by the pituitary gland.
An important effect of the steroids is to provide inhibitory
feedback at the level of hypothalamic neroendocrine neurons,
adenohypophysial corticotropes, as well as the higher brain
centers involved in the control of neuroendocrine neurons
(9, 10). The relative importance of the site(s) of feedback
inhibition that govern the size and duration of the HPA response
to stress may be dependent on the biological paradigm analyzed.
In clinical practice, HPA responsiveness is usually assessed by
some form of the dexamethasone suppression-test (11), utilizing
a synthetic steroid largely selective for Type II glucocorticoid
receptors (10). The main site of feedback tested by this paradigm
appears to be the anterior pituitary corticotrope cell (12, 13).

VASOPRESSIN

Vasopressin (VP) is a small, COOH-terminally amidated peptide
chiefly synthesized by nerve cells, hence designated as a
neuropeptide. Arginine-vasopressin is the most common form in
mammals, but in some species Arg is replaced by Lys see review
by Bichet (14). Vasopressin is elaborated upon the processing
of a larger protein precursor—preprovasopressin (15), which is
packaged and processed in dense-core secretory granules that
are transported to sites of release along the axon as well as
the dendrites (15, 16). Note that neurophysin II and copeptin,
the COOH-terminal segment of the precursor, are also co-
secreted with VP. The biological role of copeptin is unknown.
However, its stability in human plasma and immunogenicity
has been exploited to use copeptin as surrogate for the activity
of VP-secreting neurons with intriguing results (17, 18). The
cellular actions of VP are mediated by G protein-coupled 7-
transmembrane domain receptors. Of these, the V1b isoform
appears most relevant for the stress response (19, 20).

FUNCTIONAL NEUROANATOMY OF
VASOPRESSINERGIC NEURONS OF THE
HYPOTHALAMUS

The Magnocellular System

The magnocellular neurosecretory system of the hypothalamus
was discovered a relatively long time ago, on the basis of the
distinct histochemical reaction produced by the high amounts

of neurohormone elaborated by these neurons reviewed by
Scharrer (21). The cell bodies are found in the supraoptic and
paraventricular hypothalamic nuclei and send their axons to
terminate in the neurohemal interface zone located at the bottom
of the hypothalamus. The neurohemal interface is comprised
of the median eminence and the posterior lobe of the pituitary
gland also referred to as the neurohypophysis. Magnocellular
neurons constitute the classic antidiuretic system that is activated
by hypernatremia or hypovolemia and releases VP into the
systemic circulation (14). Subsequent work has shown that the
axons of magnocellular neurons also release VP en-passant in
the internal zone of the median eminence (22-24). The VP
released by this process appears in pituitary portal blood that
irrigates the anterior pituitary gland [(25), also see Box 1]. It is
of note, that magnocellular VP neurons also release vasopressin
from their dendrites (16). Whether or not dendritic release
contributes to the control of the pituitary secretion of ACTH
remains to be clarified. However, it is well-established that
magnocellular neurons make various forms of contact with
CRF producing cells in the medial parvicellular paraventricular
nucleus of the hypothalamus (26, 27). Moreover, Plotsky and co-
workers found that in rats VP given into the 3rd cerebral ventricle
attenuated the release of CRF into hypophysial portal blood
and, conversely, inhibition of AVP action increased the levels of
CRF (28). These results indicate that there may be a functional
link between the magnocellular VP neurons and parvicellular
neurons producing CRF.

Parvicellular Neurons Producing CRF
and VP

A second population of VP-ergic neurons projecting to the
median eminence is located in the medial parvicellular part
of the hypothalamic paraventricular nucleus. These are small
neurons that also co-produce and co-package CRF with VP
(29, 30) and are the key neuroendocrine neurons that regulate
the pituitary secretion of ACTH (31, 32). With respect to
the stress response two functional differences between the
magnocellular and parvicellular neurons are of note. First, under

Box 1 | Six decades of dogma-busting: The magnocellular
vasopressinergic neuron as a modulator of anterior pituitary ACTH
secretion.

1. Neurosecretion
doctrine.

2. Negates single hypothalamic releasing hormone for each pituitary
hormone hypothesis.

3. VP is not just the antidiuretic hormone (ADH).

4. Secretory path from internal zone of the median eminence into pituitary
portal blood-“en passant” neuropeptide release.

5. Negates the hyophyseotrophic area = the mediobasal hypothalamus
concept.

6. VP alone has no ACTH releasing effect at physiologic concentrationsi.e.,
it is a new type of neuroendocrine modulator, a major action of which is
to induce glucocorticoid resistance at the level of the corticotrope cell.

into the bloodstream-non-conforming to neuron
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normal conditions, magnocellular neurons produce up to 10-
fold more VP than parvicellular neurons (30, 33). Second,
the production and release of VP by parvicellular neurons is
under prominent inhibitory control by adrenal corticosteroids
(34), while that in magnocellular neurons is not (35).This is
despite the fact that magnocellular VP neurons express Type
I glucocorticoid receptors (36). In the absence of adrenal
corticosteroids, VP release from the parvicellular neurons is
massively increased and becomes comparable to that from
magnocellular neurons (33, 37).

The Relevance of Magno- and
Parvi-Cellular VP-Ergic Neurons to the

Stress Response

The role of VP and its pituitary V1b receptor in the stress
response has been analyzed in considerable detail in various
models, including genetically vasopressin-deficient Brattleboro
rats (38) and VI1b receptor gene-deleted mice (20). These
studies, and many others see (39) for review, support an
important role for VP in the stimulatory control of stress-induced
ACTH secretion. However, very few studies have attempted to
distinguish between the effects of parvicellular and magnocellular
VP. Plotsky and Thivikraman first produced evidence showing
that glucocorticoid negative feedback appeared to be absent in
conscious rats subjected to repeated moderate hemorrhage (40).
Subsequently, these workers showed that HPA activation by air-
puff startle, a psychological stressor, was sensitive to inhibition
by corticosterone whereas that caused by small or moderate
hemorrhage was not (41). Moreover, they found early immediate
gene activation in magnocellular neurons of the supraoptic and
paraventricular hypothalamic nuclei during hemorrhage and
activation in the dorsomedial part of the hypothalamus by air-
puff startle. Thus, this work differentiated feedback prone and
feedback resistant mild stressors and observed signs of activation
in magnocellular hypothalamic neurons in the case of the latter.

SIGNAL INTEGRATION BY
CORTICOTROPE CELLS OF THE
ANTERIOR PITUITARY GLAND AND THE
VP-INDUCED ESCAPE FROM INHIBITION
BY GLUCOCORTICOIDS

The stimulatory input to corticotrope cells is comprised
of CRF and VP. A hypothalamic ACTH-inhibiting factor,
atrial natriuretic peptide (ANP) has also been identified
(39, 42). Finally, corticotrope cells are a well-established site of
glucocorticoid feedback-inhibition (9, 10).

CRF

The widely accepted mechanism of action in the case of CRF
is activation of CRF1 receptors and conservative coupling
to the stimulatory G protein Gs. The consequent activation
of transmembrane adenylyl cyclase(s) leads to increase of
intracellular cAMP levels (43). The scenario of intracellular
signaling downstream of cAMP is complex, as reviewed in detail
elsewhere (44, 45). However, it is clear that intracellular Ca%t

signals are generated by CRE, and that the electrical activity of
the cells ultimately determines the secretion of ACTH.

VP

In the case of VP, the consensus is the activation of Vy}, receptors
coupled to Gq and consequent activation of PLC, with ensuing
increases of IP3 levels and PKC activity. Exactly which isoform(s)
of PKC is (are) involved, is not entirely clear, but as phorbol
esters can mimic most of the known actions of VP including
the potentiation of the cAMP signal and the stimulation of
ACTH secretion, the alpha and beta PKC-isoforms are the likely
candidates. Once more, events after IP3 and PKC activation are
too complex to be considered here (44, 46).

ANP

There is a signaling pathway to inhibit stimulated ACTH
secretion through 3/5'guanosine monophosphate (cGMP), that
is not shared with glucocorticoids (47). This pathway can be
activated by ANP (48, 49), and may become functionally more
prominent under conditions where the pituitary corticotropes
are in “glucocorticoid escape” mode.

Glucocorticoids

Feedback inhibition in the HPA axis occurs in three time-
domains; rapid <15 min, early delayed—within 20 min and up to
2h, and delayed, beyond 2 h (9, 10, 50). With respect to the time-
domains of feedback manifested in corticotropes: in contrast to
a recent study (51), we have failed to observe a rapid inhibitory
effect of glucocorticoids in dispersed rat anterior pituitary (52)
or AtT-20D16:16 mouse corticotrope tumor cells (53). Thus, the
focus of the studies outlined here was early-delayed feedback,
which is the main inhibitory effect in the first 2 h after exposure
to glucocorticoids. The properties of this inhibition have been
reviewed extensively (9, 54, 55). In brief, it is mediated by
Type II glucocorticoid receptors and is sensitive to inhibitors
of transcription and translation, indicating a requirement of
mRNA synthesis/processing and protein synthesis (52). What is
the molecular and cellular basis of early- delayed inhibition? In
AtT-20 cells, the balance of cAMP-dependent phosphorylation
on the stress-axis-regulated-insert (STREX) type a-subunit of the
large conductance Ca’"-dependent KT -channel (BK-channel)
is shifted toward dephosphorylation. As a result, the channel
is not inhibited by cAMP-dependent phosphorylation induced
by CRF (56). Hence, the enhancement of intracellular free
Ca’* transients and the consequent stimulation of ACTH
secretion by CRF are suppressed, reviewed in refs (54, 57).
Subsequent work has implicated a protein phosphatase 2A-
like enzyme as the mediator of glucocorticoid action (58), but
definitive evidence is still outstanding. In contrast to AtT20 cells,
blockade of BK-channels had no appreciable effect on the efficacy
of corticosterone to inhibit CRF-induced ACTH secretion in
cultured rat anterior pituitary cells (59). This is despite the
fact, that BK channels play a prominent role in governing the
firing pattern and the intracellular Ca?* transients of anterior
pituitary cells in culture (57) and that corticosterone has an
inhibitory effect on the bursting activity of mouse corticotropes
cells (44). Moreover, inhibition of agonist-induced ACTH release
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FIGURE 1 | Agonist-induced plasticity of cAMP signaling—multiple functional states of the adenohypophysial corticotroph cell. AC, adenylyl cyclase; CaM,
calmodulin; EPAC, exchange factors directly activated by cAMP; HCN, Hyperpolarization activated cyclic nucleotide gated channels; PDE- cyclic nucleotide
phosphodiesterase; PKA, cAMP dependent protein kinase; PKC, protein kinase C; PLC, phospholipase C; PPase2B, protein phosphatase 2B (alias calcineurin).
Arrows indicate facilitation, T-bars indicate inhibition. The size and thickness of the lettering is proportional to the amplitude/activity of the denoted entity.

by ANP/cGMP, could be reversed by blockers of BK as well
as other KT channels (60). In contrast, studies with a variety
of KT inhibitors failed to identify conclusively the K™ channel
key for early delayed inhibition by corticosteroids (61). Others,
using a similar panel of K* channel blockers, reported a role
for ether-d-go-go-related gene KT -channels as the mediators of
glucocorticoid inhibition (62). However, these findings have not
been confirmed by other, more direct methods, such as patch-
clamp electrophysiology or gene-knock down. In summary,
current evidence indicates that early-delayed corticosteroid
feedback inhibition at the pituitary level is by glucocorticoid-
induced protein(s) that facilitate the activation of K -channels.
A similar conclusion was reached in a study of hippocampal
pyramidal neurons (63). Significantly, this scenario implies that
glucocorticoid inhibition is sensitive to depolarization of the
membrane potential (59, 64).

One of the complicating factors in understanding signaling
processes in corticotropes is the variety of the in vitro models
used. It is clear that cultured cells, acutely dispersed cells, and
pituitary slices may have different properties. Moreover, the
temporal dynamics in perifused tissue are different to that seen
in static systems. Finally, the concentrations of the effectors
employed tend to vary from physiologic (CRF up to 0.3nM, VP
up to 3 nM) to the grossly aphysiologic.

With these considerations in mind, a detailed analysis of
CRF-induced cAMP levels was carried out in the context of the
inhibition of cAMP synthesis by intracellular free Ca?*, and the
efficacy of corticosteroid feedback inhibition of stimulated ACTH
release. It transpired that CRF-induced cAMP synthesis is under
feedback inhibition by Ca®" derived from a ryanodine/caffeine
sensitive intracellular pool (65). However, above 1 nM CRE, the
effect of Ca?* was no longer apparent. A similar “escape” of CRF-
induced cAMP synthesis from Ca?* inhibition could be induced
by physiologic concentrations of VP, an effect also mimicked
by phorbol-ester activation of protein kinase C (65). Analysis
of cAMP hydrolysis indicated that while PDE4 isoforms were
active when low concentrations of CRF were used, inhibitors of

PDE1 were required for inhibiting cAMP breakdown when CRF
was applied in combination with VP. When interpreted in the
context of the diversity of cAMP signaling proteins (66, 67), the
results indicate that physiologic concentrations of CRF activate a
Ca?* inhibited adenylyl cyclase such as AC5, 6, or 9, while in the
presence of VP an adenylyl cyclase activated by protein kinase C
such as AC2 or AC7 enters the fray (Figure 1). This latter cyclase
is responsible for the markedly increased cAMP levels that
require high-capacity, low-affinity phosphodiesterases to control
cAMP signaling. By the combination of immunocytochemistry,
Western blotting and RT-PCR, we concluded that AC7, PDEla,
and PDE1b were the best candidates underlying the switching
of corticotropes to high cAMP levels in the context of
stimulation by CRF and VP. Importantly, VP was present at
concentrations that are only produced by magnocellular neurons
under physiologic conditions.

It is pertinent to highlight here that the “amplitude
modulation” of the cAMP signal outlined above has potentially
important consequences: whilst PKA is maximally active at
1 M cAMP, other effectors such as EPACS, hyperpolarization-
activated cyclic nucleotide-gated (HCN) channels, and cyclic
nucleotide gated channels all require >10pM cAMP for
activity. Thus, a whole plethora of cAMP signaling systems is
potentially mobilized in corticotrope cells in the presence of high
(magnocellular) concentrations of VP that are not active at levels
of stimulation that can be achieved via parvicellular CRF/VP. It
is also important to reiterate here that the effects of VP on cAMP
synthesis are conditional to the presence of CRF.

Several of the inferences in the aforementioned studies
were made on the basis of the application of pharmacologic
agents or the use of antibodies. It later transpired, that the
antibodies used to localize AC2 in the anterior pituitary gland
were unreliable, similarly, an antibody against AC5/6 gave also
inconsistent results (68). More recently, mRNA-seq analyses of
single anterior pituitary cells have been published (69). The
data show selective enrichment of AC2 in corticotrope cells, in
contrast, the levels of AC7 mRNA in anterior pituitary cells are
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FIGURE 2 | Glucocorticoid escape at the pituitary gland induced by
magnocellular VP to mobilize the endogenous immunosuppressant activity of
adrenal corticosteroids. pPVN, parvicellular medial dorsal part of the
hypothalamic paraventricular nucleus; mPVN lateral magnocellular part of the
PVN; SON, supraoptic hypothalamic nucleus.

very low. All three Ca?*-inhibited ACs, AC5, 6, and 9 appear
to be expressed in corticotropes. Moreover, the highest relative
levels of PDEla and PDE1b appear to be associated with cells
identified as corticotropes.

Taken together, the molecular machinery of Ca?* feedback
on cAMP biosynthesis and for achieving the VP-mediated
boost of cellular cAMP to levels that address EPACS, HCNs
and CNGs is present in corticotropes. Finally, is attractive to
speculate here, that high VP overrides early feedback through
depolarization of the membrane potential by activation of an
HCN channel (70, 71).

The analysis of the efficacy of corticosterone to inhibit
CRF-induced ACTH release showed interesting parallels with
the characteristics of the inhibition of cAMP synthesis by
Ca?*(61). In the physiologic range for CRE corticosterone
inhibition was highly efficient, while at supraphysiological CRF
the inhibitory efficacy was markedly reduced. Application of
the PDE4 blocker rolipram or high, physiologic levels of
VP with physiologic concentrations of CRF also markedly

reduced the inhibitory efficacy of corticosterone. In essence,
irrespective of how intracellular cAMP levels were elevated
above 20 uwM, glucocorticoid efficacy was progressively reduced.
Thus, if the agonists by-pass the Ca?* inhibitory feedback
on adenylyl cyclase, the efficacy of glucocorticoid inhibition is
dramatically reduced. These observations link the VP mediated
switch of low cAMP signaling induced by CRF to high cAMP,
with the escape from glucocorticoid feedback at the pituitary
level. A summary cartoon of the corticosteroid sensitive and
insensitive states of anterior pituitary corticotrope cells is shown
in Figure 1.

WHEN IS GLUCOCORTICOID ESCAPE OF
BIOLOGICAL IMPORTANCE?

The pronounced deleterious effects of long-term corticosteroid
excess on body homeostasis indicate that glucocorticoid escape
is encountered in life-threatening situations and is likely to be
of relatively short duration. The classic clinical examples of
persistent glucocorticoid non-suppression are Cushing’s disease
(72) and melancholic depression (12).

Autoimmune Inflammation

In preclinical models of autoimmune inflammation, such as
experimental autoimmune encephalomyelitis and adjuvant-
induced arthritis, a sustained rise of plasma corticosteroids
lasting several days is crucial for survival (73). Indeed, it is
widely recognized that adrenal corticosteroids are important
facilitators of endogenous immunosuppression (74). The only
way this can occur is by escape from glucocorticoid feedback
inhibition. Several lines of evidence indicate, that the sustained
and vital increase of corticosteroids in preclinical autoimmune
models is mediated by VP (75, 76). Moreover, the data of Suzuki
etal. (76), indicated at the level of VP expression rather than
mRNA, that magnocellular vasopressinergic neurons become
activated during autoimmune inflammation. It is relevant to
recall here that VP synthesis is not closely controlled by adrenal
corticosteroids in magnocellular neurons (35) and that the effects
of low levels of CRF on corticotropes are amplified dramatically
by VP (65, 77). Thus, activation of magnocellular VP neurons
can bypass glucocorticoid feedback in the CNS and induce
escape from glucocorticoid feedback at the pituitary level to
support the sustained secretion of corticosteroids. The trigger
for the activation of hypothalamic neurons during autoimmune
inflammation is unknown. It is plausibly a cytokine, above all,
interleukin-6 (IL-6) (78) known to activate the HPA axis in
humans as well as rodents (79). However, the exact mechanism
by which this occurs remains to be clarified (80). Intriguingly,
magnocellular VP neurons also produce IL-6 (81). Moreover,
increases of IL-6 levels in magnocellular neurons were observed
after various types of stress paradigms (82). Whether or not this
IL-6 is involved in the regulation VP release e.g., as a paracrine
mediator, is unknown. A summary diagram of the by-pass of
glucocorticoid feedback in the HPA axis through the activation
of magnocellular VP neurons by immune mediators is shown
in Figure 2.
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High Intensity Exercise and Hyponatremia
Work by Deuster et al. (83) reported that high-intensity exercise
results in dexamethasone non-suppression in men as well
as women. One of the threats of high-intensity exercise is
hyponatremia (84), which may be lethal due to the development
of hypotonic encephalopathy (85). Increases of plasma VP are
prominent under these conditions and it has been argued that
exercise-associated hypernatremia is a case of inappropriate VP
secretion (SIADH). It is likely, that IL-6 released from muscle
cells during exercise is a trigger for VP secretion. Additionally,
hyperhydration by the subjects during exercise may contribute
to hyponatremia. In the pituitary portal system, where VP levels
are considerably higher than in the periphery, the levels of
vasopressin are sufficient to induce glucocorticoid escape at
the pituitary level. The ensuing higher levels of ACTH would
enhance aldosterone secretion by zona glomerulosa cells and
improve sodium retention. In addition, VP has a direct action to
stimulate aldosterone secretion in rat (86) as well as human zona
glomerulosa cells (87). Thus, while exercise may symptomatically
mimic SIADH in that plasma levels of VP increase despite
hypoosmolarity, it may be a fluid-volume preservation reflex that
simultaneously promotes sodium retention by bringing about
glucocorticoid non-suppression at the pituitary level.

SUMMARY

In a day-to-day setting, the activity of the HPA axis is under
powerful feedback inhibitory control. The situation during
certain types of stress may be different. In a seminal review,
Munck et al. (88) proposed that the physiologic rationale
of stress-induced glucocorticoid production was to dampen
and reset the production of powerful immune mediators
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Glucocorticoid production in mammals is principally regulated by the action of the
pituitary hormone adrenocorticotropin (ACTH) acting on its cognate membrane receptor
on the zona fasciculata cells of the adrenal cortex. The receptor for ACTH consists of
two essential components, a small seven transmembrane domain G protein-coupled
receptor of the melanocortin receptor subgroup known as the melanocortin 2 receptor
(MC2R) and a small single transmembrane domain protein that adopts a antiparallel
homodimeric form and which is known as the melanocortin 2 receptor accessory
protein (MRAP). MRAP is essential for the trafficking of the MC2R to the cell surface
as well as being required for receptor responsiveness to ACTH at physiological
concentrations— probably by facilitating ACTH binding, but possibly also by supporting G
protein interaction with the MC2R. A number of studies have shown that ACTH stimulates
the expression of functional receptor at the cell surface and the transcription of both
MC2R and MBAP mRNA. However, the time course of these transcriptional effects differs
such that MRAP is expressed relatively rapidly whereas MC2R transcription responds
much more slowly. Furthermore, recent data suggests that MRAP protein is turned over
with a short half-life whereas MC2R has a significantly longer half-life. These findings
imply that these two ACTH receptor proteins have distinct trajectories and that it is
likely that MRAP-independent MC2R is present at the cell surface. In such a situation
newly transcribed and translated MRAP could enable the rapid recruitment of functional
receptor at the plasma membrane without the need for new MC2R translation. This may
be advantageous in circumstances of significant stress in that the potentially complex
and perhaps inefficient process of de novo MC2R translation, folding, post-translational
modification and trafficking can be avoided.

Keywords: ACTH receptor, adrenal cortex, glucocorticoid, G protein-coupled receptor, adrenocorticotropin,
melanocortin receptor

The pituitary-adrenal axis provides a vital mechanism for protection against stress, allowing
higher centers to rapidly generate increases in circulating glucocorticoids. These in turn adjust
the metabolic and immunological functions of the body to cope with the altered environment.
Failure of this system is potentially fatal. It is surprising therefore that there is not greater
redundancy among the components of this system. For example, the key messenger hormone,
adrenocorticotropin (ACTH) is the product of a single gene and is secreted from a single population
of corticotroph cells in a single anatomical organ—the anterior pituitary gland. ACTH in turn acts
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through a single receptor located almost entirely on the surface
of cells of the two adrenal glands, resulting in the production
of a single glucocorticoid hormone—cortisol or corticosterone.
Although the ACTH receptor was one of the first receptors
to be shown to signal through stimulation of cyclic AMP
(1), and one of the first receptors for which ligand binding
was demonstrated (2), the molecular characterization of this
entity was relatively delayed. Protein purification approaches
were largely unsuccessful, and it was not until a gene was
identified through reduced stringency PCR which was shown to
be closely related to a gene encoding a receptor for a-melanocyte
stimulating hormone (a-MSH). This gene was expressed almost
exclusively in the adrenal cortex and hence was described as the
melanocortin 2 receptor (MC2R) and proposed to encode the
ACTH receptor (3). Subsequent demonstration of mutations in
this gene in patients with ACTH resistance lent support to this
identification (4, 5).

With most receptors for which a gene or cDNA is identified
in this way the usual practice is to transfect the candidate DNA
into a cell type that lacks the receptor in question and to show
the cell acquires the characteristics of the receptor. In the case
of the ACTH receptor however this proved very difficult. Some
evidence of expression could be found in cell types that already
possessed MSH receptors (3, 6), but expression in a true null cell
devoid of any MSH receptor was not achievable.

The first evidence that the MC2R required a co-factor
came from the demonstration that it could be expressed in
adrenal cell lines that lacked endogenous ACTH receptors—
implying that there was something else about the adrenal
cell required for successful expression (7). However, it was
not until a new gene was found that was mutated in
patients with ACTH resistance but a normal MC2R gene
that a solution to this problem was identified. This new
gene encoded a small single transmembrane domain protein
that when co-expressed with the MC2R in transfected cells
conferred typical ACTH responsiveness to those cells. This gene
was named the melanocortin 2 receptor accessory protein—
MRAP (8).

Evidence from a number of labs showed that the MRAP
protein interacted with the MC2R as a homodimer and then
trafficked with the receptor to the plasma membrane (9, 10). This
appeared to be the primary function of MRAP in that without
MRAP, the MC2R protein accumulated at the ER and did not
appear at the cell surface.

At the cell surface MRAP maintained an association
with the receptor protein and the evidence suggests
it is required for ACTH binding or possibly in signal
transduction (11, 12). Perhaps the most unusual phenomenon
associated with MRAP is that it exists as an antiparallel
homodimer spanning the plasma membrane such that one
N-terminus is extracellular and one is intracellular (9).
This topology is probably unique in eukaryotic biology,
and suggests a very unusual mode of action that remains
poorly understood.

These aspects of MRAP have been reviewed elsewhere (13, 14)
and are not the prime focus of this paper. Instead, we will
consider the dynamic aspects of MRAP which may challenge the

notion that it is the “loyal and lifelong” partner of the MC2R as
may be assumed, or whether it has a more complex and perhaps
transient role with its partner protein.

INDUCTION OF MC2R mRNA BY ACTH

It was recognized some years before the ACTH receptor was
cloned and characterized that ACTH could induce increased
responsiveness to itself and an increased number of receptors
in the adrenal. Thus, for example, Durand and Locatelli (15)
demonstrated in rabbits that ACTH treatment increased the
number of its adrenal receptors. Similar findings were reported
from fetal sheep adrenals (16). Penhoat et al. (17) showed
that 48 h treatment with physiological concentrations of ACTH
increased ACTH ligand binding on bovine adrenal cells four-fold.

Following the cloning of the MC2R several groups explored
the influence of ACTH and other stimuli on MC2R mRNA. Thus
Mountjoy et al. (18) showed a 6-fold increase in Mc2r mRNA in
mouse Y1 cells and a 2-fold increase in human H-295 cells after
24 h of treatment with ACTH. Lebrethon et al. (19) found a 21-
fold increase in MC2R mRNA and a 4-fold increase in ACTH
binding in human primary adrenal cells, initial responses being
seen within 12h of treatment, and similar changes after 48h
treatment with ACTH in human fetal adrenal cells (20). Rehman
et al. (21) showed induction of MC2R mRNA after ACTH after
6h in cultured human fetal adrenal cells. More recently Liu et al
described the effect of restraint stress or ACTH injection on
rat adrenal Mc2r mRNA over a short time period and failed to
show any changes over the initial 4 h (in response to restraint) or
over the first 60 min in response to ACTH (22). These and other
similar studies are summarized in Table 1.

INDUCTION OF MRAP mRNA BY ACTH

As the MRAP gene was only identified in 2005 these earlier
studies did not examine its response to ACTH and related stimuli,
and it is only in later studies that both MC2R and MRAP gene
expression in the same model has been reported.

Thus in their study Liu et al. (22) demonstrated the rapid
induction of adrenal Mrap mRNA by about 5-fold within 2h in
their model of restraint stress, and a 15-fold induction of Mrap
heteronuclear RNA within 15 min of ACTH injection (although
no change in mature Mrap mRNA was observed in this time
frame). These increases were not sustained and in the restraint
stress model Mrap mRNA had almost normalized after 4h.
Gibbinson et al. (23) found a 4-fold increase in adrenal Mrap
mRNA 6h after LPS injection in the rat (at a time when Mc2r
mRNA levels had fallen).

Over a longer time period Xing et al. (24) used a microarray
approach to explore gene expression changes after 48h of
treatment of human fetal or adult adrenals demonstrating a
16-fold and 12-fold change of MRAP and MC2R expression
(respectively) in adult adrenal, and 8-fold and 11-fold increases in
these two genes in fetal adrenal. Hofland et al. (25) demonstrated
11 and 20-fold increases in MRAP and MC2R in human normal
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TABLE 1 | Summary of studies of MC2R and MRAP mRNA expression changes in response to various stimuli.

Species and model Stimulus Time MC2R mRNA MRAP mRNA References

Y1 cells ACTH (1078 M) 24h 6x nd Mountjoy et al. (18)
H-295 cells ACTH (10~8Mm) 24h 2x nd Mountjoy et al. (18)
H-295 cells Forskolin (1 0% M) 3h 1x nd Mountjoy et al. (18)
H-295 cells Forskolin (1 05 M) 12h 3x nd Mountjoy et al. (18)
H-295 cells Forskolin (1 05 M) 24h 3.5x nd Mountjoy et al. (18)
H-295 cells db cAMP (1mM) 24h 3x nd Mountjoy et al. (18)
Human primary cult ACTH (10—8M) 72h 21 x nd Lebrethon et al. (19)
Human fetal adrenal cells ACTH (10~°Mm) 48h 18 x nd Lebrethon et al. (20)
Human fetal adrenal cells ACTH (10~8M) 3h 1x nd Rehman et al. (21)
Human fetal adrenal cells ACTH (10~8M) 6h 3x nd Rehman et al. (21)
Human fetal adrenal cells ACTH (10~ 8M) 12h 12x nd Rehman et al. (21)
Human fetal adrenal cells ACTH (10~ 8M) 24h 18 x nd Rehman et al. (21)
Rat adrenal (in vivo) Restraint stress 1-4h 1x 5x (at 2h) Liu et al. (22)

Rat adrenal (in vivo) ACTH (5pgi.p.) 0-1h X x* Liu et al. (22)

Rat adrenal (in vivo) LPS (25 ngi.v.) 6h 0.5x 4x Gibbison et al. (23)
Human fetal adrenal cells ACTH (WO—BM) 48h 11x 8x Xing et al. (24)
Human adult adrenal cells ACTH (10—8M) 48h 12x 16x Xing et al. (24)
Human adult adrenal cells ACTH (10ng/ml) 48h 20 x 11 x Hofland et al. (25)
Human adult adrenal cells Forskolin (10‘6M) 48h 30x 10x Hofland et al. (25)

*Increase in MRAP hnRNA by 15-fold at 15 mins.
nd: not measured.

adrenal primary cultures exposed to 48 h treatment with ACTH.
These various studies are summarized in Table 1.

In summary, although a range of models and stimuli have been
used, it is unfortunate that few have examined the response of
both MC2R and MRAP over a time course that encompasses both
acute and more delayed time periods. However, it does seem from
the available data that while MC2R is almost universally induced
over a longer time period of 12—24h or more, MRAP is capable
of making a more rapid response to ACTH, restraint stress or
LPS stimulation.

ACTH RECEPTOR PROTEINS

The next question that arises is what happens to the ACTH
receptor protein complex after its translation. Very little
data has been collected on the behavior of the MC2R and
MRAP proteins—in large part because of absence of good
quality antibodies.

It seems that the MRAP homodimer forms at the same time
as, or very soon after translation, and that the MRAP molecule
in which the N-terminus is in the extracellular position is then
glycosylated—probably stabilizing the homodimer at this time.
This then interacts with the MC2R protein at the level of the
endoplasmic reticulum or Golgi (26). This complex is capable
of trafficking to the cell surface, although whether MRAP has an
additional role in supporting correct folding of the MC2R is not
clear. It is also unclear what the fate of un-complexed MC2R is
at the ER—for example in circumstances in which MRAP is not
expressed. In studies in cells lacking MRAP, transfected MC2R
accumulated substantially at the ER, although the relationship

of such overexpression systems to physiology is uncertain (27).
It is also clear that in the absence of MC2R, MRAP will traffic
efficiently to the cell surface (8, 9). The key elements of this
conventional model are shown in Figure 1.

ACTH RECEPTOR TURNOVER

In an article published in this journal in 2016, Maben et al traced
the fate of MRAP in transfected CHO cells (28). They concluded
that MRAP has a half-life of 1.7h and is not stabilized by the
presence of MC2R expression. Using similar techniques they
estimated that the MC2R protein half-life was between 3 and 8 h.
This is a surprising finding as it implies that after reaching the
plasma membrane MRAP and MC2R turn over independently
of each other. This is apparently in contradiction to the “lifetime
partnership” model and implies that MRAP-independent MC2R
is likely to be present at the cell surface under most circumstances
and is presumably unresponsive to ACTH.

Clearly this half-life data needs replication although it was
obtained using a robust but relatively novel biotin-labeling
technique as well as by a more traditional cycloheximide
technique with similar findings. It has the disadvantage of
deriving from transfected CHO cells rather than cells in which
MRAP and MC2R were endogenously expressed. Unquantitated
data from transfected OS3 adrenocortical cells was also shown in
the same paper which appeared to suggest a substantially longer
half life for the MRAP protein—particularly in the absence of
MC2R. OS3 cells express endogenous and functional MRAP, but
no endogenous MC2R (29). Maben et al. argued that OS3 cells
grow more slowly than CHO cells and that this may explain
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FIGURE 1 | ACTH receptor protein expression. MC2R mRNA is translated at the endoplasmic reticulum (ER), and may independently adopt a correctly folded and
orientated receptor conformation. However, it is unable to traffic beyond this point to the plasma membrane. MRAP mRNA is translated and adopts an anti-parallel
homodimeric conformation at the ER. This complexes with the MC2R protein and may assist with its correct conformational folding before enabling the complex to
traffic to the cell surface. Only the MRAP-MC2R complex is competent to bind ACTH at physiological concentrations and thence to generate a steroidogenic signal.
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the slower turnover, but clearly an alternative explanation is that
adrenal cells protect the turnover of these proteins for functional
reasons. This question needs further exploration.

If we accept that MRAP protein does turnover rapidly and at a
faster rate than MC2R, it seems probable that the ACTH receptor
complex is not a tight one and that free MRAP (presumably
in its homodimeric form) and MC2R may be present at the
cell surface. Unfortunately there is no published data on the
relative quantities of these two proteins in adrenal cells expressing
functional ACTH receptors. There is also no data on the affinities
of the MRAP dimer for the receptor. Roy et al provided
immunofluorescent imaging data to support the existence of
non-complexed MC2R and MRAP in transfected cells (30). If
there is free MC2R on the cell surface this would form a reservoir
of “spare” receptor that was incapable of responding to ACTH.
Consequently, the relatively rapid transcription of MRAP in
response to the various stimuli described earlier may enable
functionally “new” receptor to be recruited at the cell surface in
the absence of rapid MC2R gene expression. This would provide
an attractive and efficient mechanism for the rapid upregulation
of the ACTH receptor without having to depend on the accurate
folding of new MC2R protein. Elements of this model are shown
in Figure 2.

The ACTH receptor desensitizes and internalizes after agonist
stimulation via clathrin-coated pits and re-cycles directly, or via
the Golgi-recycling pathway (31, 32). Around 70% of the cell
surface receptor that binds ACTH does not internalize however
(31, 32) (Figure 3), and it would be interesting to know if this is
the un-partnered MC2R that was unable to signal. This may be
a false conclusion however as Sebag and Hinkle (11) have shown
that MRAP determines ACTH ligand binding via a specific LDYI
motif in the N-terminal region, so un-partnered MC2R may be
unlikely to bind the ACTH tracer used in these studies. This
situation may be more complex however in that MRAP2, a
paralogue of MRAP, which lacks the critical LDYI ACTH binding
motif of MRAP will support ACTH signaling, and hence binding,
at high (micromolar) ACTH concentrations (33).

Other than the adrenal cortex, MRAP is also expressed
in adipocytes, and indeed was first identified as a protein of
unknown function that was expressed as 3T3-L1 fibroblasts
differentiated into adipocytes (34). Zhang et al. (35) have shown
in differentiated 3T3-L1 adipocytes that the N-terminus of
MRAP interacts with the Gog protein and that the region
between residues 14 and 17 of MRAP is critical for this role.
While these findings may be compatible with each other, Sebag
and Hinkle had previously demonstrated that the MRAP 14-17
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FIGURE 2 | The MRAP-MC2R ACTH receptor complex may be relatively labile allowing MRAP protein to turnover more quickly than the MC2R, and thus leaving
uncomplexed MC2R, which is believed to be unresponsive to ACTH stimulation, at the cell surface. This open the possibility that newly transcribed MRAP mRNA can
be quickly translated and traffic to the cell surface to complex with “free” MC2R. Such a model permits a rapid response in the form of new signaling-competent
receptor recruitment.
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FIGURE 3 | The ACTH receptor complex internalizes via clathrin-coated pits, following which receptor is either rapidly re-cycled to the plasma membrane, or
degraded. The evidence suggests that MRAP is also independently and fairly rapidly degraded via ubiquitin-dependent and independent mechanisms.
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deletion mutant was fully capable of signaling in their earlier
studies (11).

CONCLUSIONS

MRAP is a very unusual protein that appears to have a critical
role in permitting the MC2R to traffic to the cell surface and to
respond to ACTH—either by influencing ACTH ligand binding
or by approximating the Gog protein to the receptor (or both).
ACTH receptor expression can be stimulated by a variety of
exogenous stimuli including ACTH exposure. This is mediated
by the relatively rapid increase of MRAP transcription while
MC2R transcription is more delayed. Newly translated MRAP
will enable any MC2R still resident at the endoplasmic reticulum
to traffic to the cell surface, but it seems more likely that most
of the newly synthesized MRAP will traffic independently to
the cell surface where it may partner with un-partnered MC2R,
thus creating new functional receptor. Consistent with this is the
observation that MRAP protein may turnover more rapidly than
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AT1 angiotensin receptor plays important physiological and pathophysiological roles in
the cardiovascular system. Renin-angiotensin system represents a target system for
drugs acting at different levels. The main effects of ATR1 stimulation involve activation
of Gq proteins and subsequent IP3, DAG, and calcium signaling. It has become evident
in recent years that besides the well-known G protein pathways, AT1R also activates
a parallel signaling pathway through g-arrestins. B-arrestins were originally described
as proteins that desensitize G protein-coupled receptors, but they can also mediate
receptor internalization and G protein-independent signaling. AT1R is one of the most
studied receptors, which was used to unravel the newly recognized B-arrestin-mediated
pathways. B-arrestin-mediated signaling has become one of the most studied topics in
recent years in molecular pharmacology and the modulation of these pathways of the
AT1R might offer new therapeutic opportunities in the near future. In this paper, we review
the recent advances in the field of B-arrestin signaling of the AT1R, emphasizing its role
in cardiovascular regulation and heart failure.

Keywords: AT1 receptor, angiotensin Il, signaling, biased agonism, arrestin

INTRODUCTION

AT1 angiotensin II receptor (AT1R) belongs to the G protein-coupled receptor (GPCR) family
of membrane receptors and is activated by the octapeptide hormone, angiotensin II (AngII).
Angll is the main effector of the renin-angiotensin system (RAS), which has pleiotropic
effects in the cardiovascular system and salt-water balance regulation. As such, the RAS
is an important target in the treatment of various cardiovascular diseases. AT1R blockers
(ARBs) and angiotensin-converting enzyme inhibitors are widely used for the treatment of
hypertension. Moreover, ARBs have beneficial effects beyond lowering the blood pressure,
by preventing cardiovascular organ injuries (1). Angll can bind and activate two types
of angiotensin receptors (type 1 and type 2 angiotensin receptors). Some cells contain
AT2-receptors that mostly act via Gi and tyrosine phosphatases showing somewhat opposite
effects to the AT1R-mediated cellular responses (2). However, the main physiological and
pathological effects of RAS are mediated by ATIR. Initially, G protein activation was
considered to be the only signal transduction process, which mediates the effects of AngII
via ATIR. After Angll binding to ATIR, a heterotrimeric G protein, Gq mediates the
hydrolysis of PtdIns(4,5)P2 by phosphoinositide-specific phospholipase CB resulting in a
generation of second messengers. In addition, AT1R can also couple to Gi/o and G12/13
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proteins leading to inhibition of adenylyl cyclase, activation
of phospholipase D, Rho-kinase, and regulation of Ca?"
channels (3, 4).

Following their activation, GPCRs wusually undergo G
protein kinase (GRK) dependent phosphorylation on serine
and threonine residues on their C-terminal tails. This
phosphorylation leads to binding of B-arrestin proteins,
which shut down G protein activation and target the receptors
toward internalization. During the last two decades it became
increasingly evident that, in addition to G proteins, B-arrestins
can also mediate signaling events. P-arrestin proteins serve
as scaffold proteins, bringing together the players of different
protein kinase cascades, and instead of turning it off, they
switch the signaling toward different routes (5). Like many other
GPCRs, AT1R also binds B-arrestins, and B-arrestins regulate
their internalization (6-8) Since the recognition of the role of
B-arrestins in AT1R internalization, AT1R served as one of the
most studied model for B-arrestin-dependent signaling, which
has led to a completely new field in molecular pharmacology
with the potential of development of new drugs, which may
exploit the possibilities in selective activation of GPCR-activated
signaling pathways.

STRUCTURAL REQUIREMENTS FOR
INTERNALIZATION AND g-ARRESTIN
BINDING TO THE AT1R

The binding of agonists to G protein-coupled receptors
initiate the “classical,” G protein-mediated pathway, which
results in the production of second messenger molecules.
Termination of signaling has a key role in the regulation of the
kinetics of receptor function. Mechanisms regulating receptor
function include several consecutive or parallel processes, such
as desensitization, internalization into intracellular vesicles,
and degradation of the receptors. Receptor internalization is
regulated by phosphorylation by GPCR kinases, which promotes
the B-arrestin binding leading to desensitization, internalization
and altered signaling of GPCRs (9). The role of a serine-threonine
rich domain in the C-terminus of ATIR for angiotensin
receptor internalization was first described in the laboratory
of Kevin J. Catt (10-12). It was initially discovered with
mutational and truncation analysis of AT1R that Thr332-Lys333-
Met334-Ser335-Thr336-Leu337-Ser338 amino acids, particularly
the Ser335-Thr336-Leu337 motif on the C-terminus of the
receptor are required for receptor internalization (10). A large
number of serine and threonine amino acids in this region
suggested the possible involvement of phosphorylation in its
regulation. Indeed, Thr332, Ser335, Thr336, and Ser338 amino
acids have been later identified as phosphorylation sites that
regulate endocytosis (12-14), and involvement of B-arrestins in
receptor internalization was verified (6, 15). The same serine
and threonine amino acids were identified as the region critical
for stable interaction between ATIR and B-arrestins following
Angll stimulation (15, 16). On B-arrestin, two critical lysins
(K11 and K12 in B-arrestin2), the phosphate-binding residues,
are responsible for the stable interaction (17-22). It turns out,

that the interaction between the serine/threonine-rich region
and these two lysins (the “stability lock”) is responsible for the
conformational rearrangement in Barrestin2 protein, leading to
recruitment of the members (23, 24) and activation of Erk MAPK
cascade (16). Interestingly, not only receptor activation, but also
PKC mediated phosphorylation of the inactive, unliganded AT1R
alone leads to recruitment of B-arrestin2, receptor internalization
and scaffolding of the signaling complex (24).

THE CONCEPT OF BIASED AGONISM

Ligand binding to a plasma membrane receptor can initiate
several parallel signal transduction pathways leading to various
responses in the cell. Ligands of the plasma membrane receptors
were originally classified as agonists and antagonists (or more
recently inverse agonists). However, several ligands are capable of
selectively initiating one or more of distinct signal transduction
pathways coupled to one receptor, which phenomenon has been
referred to as “biased agonism” or “functional selectivity.” It has
been revealed that the biased agonism is an important feature of
several members of the GPCR superfamily, and it is proposed
that the biased agonists can serve as new therapeutic agents
(25). Some of the GPCR ligands can selectively couple the given
receptor to the different downstream signaling events, including
G protein activation and B-arrestin-mediated signaling, leading
to altered signaling patterns compared to the natural agonist.
The background of this phenomenon is that the variant ligands
cause distinct conformational changes in the structure of the
receptor. The different conformations can lead to dissimilar
interaction capabilities with G proteins and to other partners.
Another layer of complexity is introduced by the recognition of
different phosphorylation patterns on the receptor C-terminus.
It has been recognized, that different receptors bind arrestins
with different affinities, some of which form stable (called class
B receptors) whereas others form loose interactions with -
arrestins (called class A receptors) (26). Interaction stability
and arrestin activation seem to be determined by specific
patterns of phosphorylated serine/threonine amino acids (22,
27). Moreover, different kinases may phosphorylate different
residues on the C-terminus, resulting in slightly different
outcomes regarding internalization, signaling and activated p-
arrestin conformations. This phenomenon has led to the barcode
theory. Slightly different active receptor conformations, different
cellular expression contexts, or even simultaneous stimulation
of other receptors can lead to altered phosphorylation patterns,
leading to different conformations of B-arrestins, and altered
signaling (28-34). AT1R phosphorylation by GRK2/3 regulates
receptor endocytosis, while phosphorylation by GRK5/6 activates
Erk1/2 (35). Even PKC phosphorylation can initiate B-arrestin
binding and recruitment of the MAPK machinery to the ATIR,
although the binding affinity is lower and the active conformation
of the B-arrestin is altered (24). These data together suggest,
that signaling bias is not restricted to the G-protein-B-arrestin
axis, but even B-arrestin dependent signaling may be finely tuned
toward distinct outcomes depending on the actual stimulation
and cellular context.
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Early studies had identified mutant receptors of the highly
conserved Aspl25Argl26Tyr127 sequence of ATIR (ie,
DRY/AAY mutation), which are not able to couple to G proteins,
but still capable to internalize and bind B-arrestins (7, 36). Using
this mutant ATIR, it has been demonstrated that AT1R can
cause ERK 1/2 phosphorylation or Src activation in the absence
of G protein activation (7, 37, 38). Furthermore, a biased AT1R
agonist, [Sarl,Ile4,Ile8]-AngII (SII-AnglI) was developed, which
is a mutated octapeptide angiotensin analog unable to activate
Gq-proteins, but still recruits 3-arrestins to the AT1R and is able
to evoke the internalization of the receptor (39). Thus, it acts
as a biased agonist, which selectively activates B-arrestins. This
octapeptide further widened the possibilities to investigate G
protein-independent mechanisms. It has been shown, that this
agonist can also stimulate G protein-independent mechanisms
(7). It was proposed that G protein-mediated MAP kinase
activation regulates nuclear targets, while the p-arrestin-
mediated MAP kinases activation affects the phosphorylation
of cytoplasmic proteins (40, 41). Also, compared to G-protein-
dependent Erkl/2 activation, p-arrestin-dependent Erkl1/2
signaling is slower, reaching its maximum after 10 min and
remains active for a prolonged time (40). Later, several new
AnglI peptide analogs have been developed and characterized
with a bias toward G protein or B-arrestin signaling (42-44). The
discovery of the biased signaling has led to the recognition that
AT1R may develop multiple active conformations, and this has
been demonstrated by molecular dynamics simulations (45, 46)
and experimentally (47-49). Conformational changes within
AT1R may be followed with BRET sensors utilizing a small
molecule acceptor (FIAsH molecule). When placed on different
places within AT1R, different conformational changes following
stimulation with distinct ligands can capture multiple activation
states of the receptor (47). Different conformational states after
binding of the different ligands have been further demonstrated
using single molecular spectroscopy (48) and more recently
using double electron-electron resonance spectroscopy in AT1R
(49). The developed biased agonists serve now as widely used
tools to study the biased agonism of the AT1R, and numerous of
their effects on cell responses were published in recent years (50).

SIGNALING PATHWAYS REGULATED BY
AT1R THROUGH $-ARRESTIN

B-arrestin-mediated mechanisms can be considered as the second
wave of signal transduction events resulting in alternative
outcomes. Moreover, the agonist binding of AT1R can lead to
direct association with wide spectra of cytoplasmic signaling
proteins, such as AT1R-associated protein (ATRAP), SHP-2,
JAK2, B-arrestins, and phospholipase Cy, which explains a
plethora of ATIR generated signaling mechanisms, including
JAK/STAT pathway and MAPK cascade activation (51-54). The
attached proteins can initiate diverse cellular responses from
the receptor-arrestin complex and can form multiprotein units,
“signalosomes” (55).

One such selectively activated pathway of particular interest
is the p-arrestin-dependent signaling. p-arrestin-mediated

signaling events include activation of Src tyrosine kinases
extracellular signal-regulated kinase 1/2 (ERK 1/2), c-Jun
N-terminal kinase (JNK), mitogen-activated protein kinase
(MAPK) cascades, Akt and p38 mitogen-activated protein
kinases (56-59).

Besides the observation of Erkl/2 activation through f-
arrestins, many other cellular functions have been discovered
to be regulated through GPCRs in a non-canonical G protein-
independent way. These pathways include JNK3, p38, and Akt
protein kinase regulation (56), some of which have been also
implicated in AT1R signaling (60, 61). The pathways may include
very broad signaling routes, including the increased protein
synthesis via B-arrestin-mediated Mnkl1, eIF4E, and ERK1/2
activation (62). The arrestin-biased ligand, SII-AnglI is also
able to increase the aldosterone synthesis in adrenocortical zona
glomerulosa cells via B-arrestin, in addition to the AnglI-induced
Gq protein-dependent aldosterone production, which can lead
to adverse cardiac remodeling and heart failure progression
(63). Several proteomic and genetic studies were carried out to
investigate the short and long term effects of the treatment of
SII-Angll using both ATIR overexpressing cells and primary
cell cultures. It has been demonstrated that the SII-AngII could
initiate a robust G protein-independent signaling network, and
signaling pathways significantly differ than the Angll induced
cellular responses. Kendall et al. demonstrated that the SII-
Angll treatment changed the phosphorylation state of numerous
downstream proteins, such as protein phosphatase 2A and
prostaglandin E synthase 3 (64). The inhibitory phosphorylation
of protein phosphatase 2A results in Akt activation and
phosphorylation of glycogen synthase kinase 3B, whereas the
prostaglandin E synthase 3 activation increases prostaglandin
production both in AT1R expressing HEK293 cells and in rat
aortic vascular smooth muscle cells (64). It is very astonishing
that the SII-Angll-induced phosphorylation patterns have
limited overlap with those of AnglI-induced phosphorylation
(64), suggesting that the P-arrestin activation initiates not
only spatially, but also qualitatively different signaling events.
Analyzing the B-arrestin-mediated phosphoproteome after SII
stimulation of AT1R revealed a plethora of changes in
protein phosphorylation, including a huge number of kinases
and some phosphatases as well (65). Besides the activation
of different kinase cascade signaling pathways, P-arrestin-
dependent regulations of ion channels have been also reported
following AT1R activation, including TRPV4 (66), TRPC3 (67),
and CaV1.2 (68) channels.

ROLE OF THE 3-ARRESTIN DEPENDENT
AT1R SIGNALING IN CARDIAC FUNCTION
AND HEART FAILURE (HF)

Since the AngllI is a vasopressor hormone, its production and
effects are very important in the development of numerous
cardiovascular diseases such as hypertension, atherosclerosis, and
cardiac hypertrophy. Indeed, AT1R blockers and inhibitors of
Angll production (ACE inhibitors) are now extensively used in
the treatment of hypertension and other cardiovascular diseases
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(69, 70). Special fields of interest, where RAS plays significant
roles are cardiac hypertrophy and heart failure, where AnglI
seems to contribute to the pathophysiology of these conditions.

Both ATI1R-activation of G protein-dependent and G
protein-independent mechanisms contribute to the development
of cardiac hypertrophy. It was demonstrated that heart-
specific overexpression of different ATIR mutants can lead
to hypertrophy, moreover, the mutant ATIR, which mediates
only G protein-independent signaling mechanisms, caused
greater cardiac hypertrophy but less apoptosis and fibrosis than
overexpression of wild-type AT1R (71). Contrary, in vascular
smooth cells (VSMCs) only the G protein-dependent mechanism
of AT1R, mediated by EGF receptor transactivation and Rho
kinase activation, seems to be important in Angll-induced
hypertrophy (72). However, B-arrestin 1 dependent activation of
RhoA has been demonstrated as well, and interaction of AT1R
with SHP2 through Y319 residue might be involved in EGF
receptor transactivation (73, 74). Interestingly, with wild type
AT1Rs, cardiac hypertrophy was reported to be dependent on G
protein and metalloprotease activation but did not occur after 8-
arrestin biased SII-AnglI stimulation of AT1Rs (75). According
to Aplin et al., the G protein-independent signaling supports the
non-hypertrophic proliferation of rat cardiomyocytes (76, 77).

In the development of pathological cardiac hypertrophy,
mechanical stress is thought to be one of the most important
factors. Parallel with the discoveries of the -arrestin-dependent
signaling through AT1R, AT1R receptor was also found to be
involved in stretch-induced signaling pathways in various cell
types. First, it has been discovered, that in cardiomyocytes,
stretch-induced Erk1/2 activation was dependent on AT1Rs (78—
80). Since then, many further papers have been published with
observations of mechanical stretch-induced, AT1R-mediated
signaling in different cell types, including cardiomyocytes (81-
85), vascular smooth muscle cells (86-89), renal podocytes (90),
endothelial (91), and epidermal cells (92).

Interestingly, mechanical activation of AT1R caused increased
affinity toward P-arrestin biased ligand TRV 120023 (93),
suggesting stabilization of a biased active receptor conformation.
Moreover, protein kinase C and GRK2, the kinase responsible
for phosphorylation and subsequent p-arrestin binding of many
GPCRs, has been reported to be activated upon stretch in
neonatal rat ventricular myocytes (94). Indeed, hypo-osmotic
stretch and mechanical stress induced B-arrestin translocation
to the AT1IR (88, 95). It turns out that EKR1/2 activation by
mechanical stress through ATIR is p-arrestin dependent (95).
Stretch-induced B-arrestin-dependent signaling may involve
Erk1/2, Akt kinases, EGFR transactivation (92, 95), and Src may
also play an important role in this process (96). In line with the
very recent developments (see below), mechanically activated -
arrestin signaling may also involve the activation of Gi/o proteins
through AT1R (97).

The involvement of AT1R- B-arrestin interplay in cardiac
function has become more evident with the discovery of
the beneficial effects of biased ATIR ligands on the heart
contractility. RAS is typically activated in patients with HE
with increased circulating AnglI levels. Anti-RAS drugs, like
ATI1R blockers and ACE inhibitors, have been long proven

beneficial in the treatment of HF. It seems that the pathological
actions of ATIR on vasoconstriction and heart remodeling
are mediated through Gq-protein activation. On the contrary,
studies have suggested that TRV120023 and TRV120027, a
B-arrestin biased ligand of ATIR, decrease blood pressure
similarly to AT1R blockers, but unlike those drugs, it improves
cardiac performance, preserves cardiac stroke volume, decreases
systemic vascular resistance, improves cardiac output while
preserving renal functions in animal models (44, 98).

Moreover, TRV120027, in combination with furosemide,
decreased preload and afterload in dog models of HE while
furosemide-induced natriuresis and diuresis were preserved
(98). Infusion of biased AT1R ligand TRV120023 into mice
with familial dilated cardiomyopathy increased myosin light-
chain phosphorylation and improved cardiac contractility (99).
Earlier studies have already shown, that SII-AngII treatment can
lead to increased cardiomyocyte inotropy and lusitropy (100),
and in line with that, Frank-Starling mechanism of the heart,
which describes the volume load-contractility relationship of the
heart, has been found to be dependent both on ATIR and f-
arrestins (101). Besides Ca®>* sensitization, in immature mouse
cardiomyocytes, TRV 120027 activates CaV 1.2 Ca®* channels as
well through Src-family tyrosine kinases and casein kinase 2 in a
B-arrestin-dependent manner (102).

After the initial promising results with biased AT1R ligands
on the heart function, the first human study was reported in
2013 (103) and in the same year, the phase IIb study was
initiated in patients with acute HF, and the results were reported
in 2017 (104). Unfortunately, the results of this study did not
confirm the beneficial effects of the biased ATIR activation,
in fact, in none of the primary endpoints was observed an
improved outcome. However, in this study, short time therapy
was assessed; the patients were treated for only 48-96h after
within 24h of initial presentation, and then the outcomes of
acute heart failure were investigated. TRV120027 itself is an
octapeptide, which has a half-life of only about a few minutes,
so it has to be administered intravenously, and this restricts
its long-time usability in patients. Therefore, although this
study failed to justify the use of biased ATIR ligands in HF
failure therapy, long-term treatment may be still beneficial.
Indeed, a recent study on dilated cardiomyopathy mouse
model showed improved cardiac structure and function after 3
months of TRV120067, another biased ATIR ligand treatment
(105). However, TRV120067 is also a peptide, which limits its
application in human patients in long-term therapy plans. The
use of small molecules having B-arrestin biased activity on AT1R
might be beneficial, however, to date, only one such molecule
has been reported. Although troglitazone is a small molecule,
potentially suitable for long-term treatments, this molecule has a
very weak affinity toward AT1R, making it unattractive in in vivo
experiments (106).

Although these experiments have very promising results,
some important aspects of the RAS are often overlooked which
may influence the in vivo results. It is widely accepted now,
that ATIR can form heterodimers with other GPCRs, and the
function of the heterodimers might be influenced by the active
state of the AT1R. A classic example of interaction is bradykinin
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B2 receptor, but there are also other examples of interactions
(38, 107-117). In HEK293 cells, SII-AnglI inhibits B2 receptor-
mediated Gq/11-dependent intracellular calcium influx when
ATI1R is coexpressed, showing that AT1R-biased ligands effects
might be mediated not only by p-arrestins, but also by more
complex interactions between different GPCRs (118). Another
often overlooked aspect of the biased ligand actions is the
presence of the other angiotensin II receptor in vivo, the AT2
angiotensin receptor (AT2R). Although the AT2R does not bind
p-arrestins upon Ang II stimulation (119), it still may play role in
in vivo effects of the AT 1R biased agonists. SII-AnglI, TRV120023
and TRV120027 seem to bind to this receptor as well, but
their effects were mediated through AT1R in experiments where
AT?2 receptors were checked (44, 120, 121). However, to our
knowledge, the effects of these ligands have not been thoroughly
tested on AT2R.

In any case, with the better understanding of the ATIR
conformation upon biased activation (45-49), and the readily
availability of bioinformatical tools in drug screening (122), the
discovery of high affinity drugs with small molecular weight
might not be that far.

IS B-ARRESTIN SIGNALING
G PROTEIN-INDEPENDENT?

Originally, B-arrestin-mediated signaling was thought to be
independent of G protein activation. In fact, AT1R-activated
pathways have been usually divided into G protein-dependent
and G protein-independent (e.g., B-arrestin-dependent), since
AT1R mutants used in the studies and biased ATIR ligands
failed to activate the usual Gg-protein signaling with IP3 and
DAG production and consequent Ca’* signal generation. It
has challenged the concept of the clean B-arrestin dependent
Erk1/2 activation when SII-Angll, the most widely used (-
arrestin biased ligand, has been shown to activate Gq and

Gi proteins, however with much weaker efficacy then Angll
(123). In addition, this Erkl1/2 activation was dependent on
G protein activation. Similarly, the mechanic stretch-induced
activation of Erkl1/2 signaling seems to be also Gi-dependent,
although in this setup, B-arrestin biased ligands (TRV12023
and TRV12026) did not require Gi coupling (97). However,
very recently, using pathway-wide BRET signaling sensors, 14
different AT1R ligands have been tested, including the B-arrestin
biased ones, such as TRV120027. Strikingly, all of the tested
ligands activated Gi and G12 proteins with some efficacy (124),
raising the possibility that some B-arrestin-dependent signaling
pathways may utilize one or more G protein-dependent signaling
mechanisms. Indeed, another recent study has used CRISPR-
Cas9 system to switch off all G proteins, including G12/13 and
used PTX to inhibit Gi (“zero functional G” setup) (125). They
found, that although p-arrestin still couples to a set of GPCRs,
with no functional G proteins, the Erk1/2 could not be activated.
On the other hand, CRISPR deletion of B-arrestinl/2 results in
various effects on Erk1/2 signaling, depending on the cell line
and receptor type, it may be enhanced, inhibited or unchanged
(126). These data show that the picture of B-arrestin-mediated
signaling is more complex than we originally thought. The
cellular background, adaptive mechanisms, B-arrestin’s dual role
(desensitization and activation of p-arrestin-dependent Erk1/2
signaling) lead to a very complex regulation mechanism where
the end-effect on the signaling cascade will be determined on
the interplay of these aspects (126). The available data suggest
that during PB-arrestin-signaling a complex interplay occurs
between P-arrestin-signaling and kinase cascades. This model
could explain the recent developments of the field. Although
B-arrestin sequestrates together with all the components of
the cRaf/MEK/Erkl/2 cascade, the activation of the most
proximal kinase in the cascade may be kicked on by
B-arrestin-independent mechanisms, which might be either a G
proteins, or in more physiological settings, one of the classical,
growth factor receptors (56, 127). So far, at least three different

stretch

Ligand

of the unliganded receptor.

Effector recruitment

FIGURE 1 | Possibilities of B-arrestin recruitment. B-arrestins are recruited to the AT1R either by activation by ligand or stretch, or by PKC-dependent phosphorylation

PKC

- e
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mechanisms may lead to p-arrestin coupling to the ATIR, the
classical ligand-dependent way, mechanical stretch and PKC
activation (Figure1). When no other stimulus is present, B-
arrestins might not be able to activate the most proximal
kinases, but when they are already activated, it brings together
all the pieces of the signaling cascade and orchestrates their
spatiotemporal regulation.

CONCLUDING REMARKS AND FUTURE
PERSPECTIVES

We have come a long way in the recent almost 20 years since
the interaction of AT1R and B-arrestin has been discovered.
The interaction of these two proteins itself had a huge
effect in understanding how the GPCRs function, and how
are the signaling pathways regulated beside the classical G
protein activation. We are at the doorstep of therapeutic
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Gonadotropin Regulated Testicular
RNA Helicase, Two Decades of
Studies on Its Structure Function and
Regulation From Its Discovery Opens
a Window for Development of a
Non-hormonal Oral Male
Contraceptive

Maria L. Dufau™ and Raghuveer Kavarthapu

Section on Molecular Endocrinology, Division of Developmental Biology, Eunice Kennedy Shriver National Institute of Child
Health and Human Development, National Institutes of Health, Bethesda, MD, United States

Gonadotropin Regulated Testicular Helicase (GRTH/DDX25) is member of the DEAD-box
family of RNA helicases present in Leydig and germ cells. GRTH is the only family
member regulated by hormones, luteinizing hormone, through androgen action. Male
mice with knock-out of the GRTH gene are sterile, lack sperm with arrest at round
spermatids. GRTH participates on the nuclear export and transport of specific mMRNAs,
the structural integrity of Chromatoid Bodies of round spermatids, where mRNAs are
processed and stored, and in their transit to polyribosomes, where it may regulate
translation of relevant genes. GRTH has a central role in the control of germ cell apoptosis
and acts as negative regulator of miRNAs which regulate expression of genes involved in
the progress of spermatogenesis. In Leydig cells, GRTH gene transcription is regulated
by LH via autocrine actions of androgen/androgen receptor and has regulatory effects in
steroidogenesis. In germ cells, androgen actions are indirect via receptors in Sertoli cells.
Transgenic mice carrying GRTH &’ flanking region-GFP permitted to discern regions in
the gene which directs its expression upstream, in germ cells, and downstream in Leydig
cells, and the androgen-regulated transcription at interstitial (autocrine), and germ cell
(paracrine) compartments. Further evidence for paracrine actions of androgen/androgen
receptor is their transcriptional induction of Germ Cell Nuclear Factor as requisite
up-regulator of GRTH gene transcription in round spermatids, linking androgen action to
two relevant germ cell genes essential for the progress of spermatogenesis. A missense
mutation of R to H at amino acid 242 of GRTH found in 5.8% of a patient population with
azoospermia causes loss of the cytoplasmic phospho-GRTH species with preservation
of the non-phospho form in transfected cells. Mice with knock-in of the human mutation,
lack sperm due to arrest at round spermatids. This model permits to discern the function
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of phospho-GRTH. The GRTH phospho-site resides at a Threonine structurally adjacent
to the mutant site found in patients. Molecular modeling of this site elucidated the amino
acids that form the GRTH/PKA interphase and provide the basis for drug design for use

as male contraceptive.

Keywords: GRTH/DDX25, spermatogenesis, round spermatids, androgen, hormonal regulation

DISCOVERY AND EARLY STUDIES

Gonadotropin regulated testicular RNA helicase (GRTH) was
discovered in this laboratory in 1999 (1) as a result of screening
for LH/hCG responsive genes using differential displayed
analysis of RNAs from cultured rat Leydig cells stimulated by
high concentrations of gonadotropin. Our intent at the time
was to search for a master switch to gain further insights on
gonadotropin-induced desensitization of steroidogenic enzymes
previously described in our laboratory (2-4). Following single-
strand conformation polymorphism analysis, sequencing of the
fragments, and verification by RNA protection a single up-
regulated fragment that displayed no similarity to any gene of
the DATA bank was obtained. Upon screening a rat Leydig cell
library a sequence (1,629 bp) that contained an open reading
frame encoding 369 amino acids was revealed (1). The in vitro
transcribed/translated rat cDNA gave a protein of 43 kDa. A data
base search indicated similarity of GRTH sequence with members
of the DEAD-box family of RNA helicases. In analyzing further
clones, we found a single base pair addition which resulted on an
opening reading frame of GRTH that contained 357 additional
base pair 5 to the original cDNA ATG codon. The complete
sequence thus contains 1,630 bp and an open reading frame of
483 amino acids (5). Although our study did not provide the key
to the desensitization process it unveiled a major advance with
the discovery of GRTH/DDX25, a testis specific RNA helicase
a novel member of the DEAD-box family of RNA helicases.
Although this helicase was found initially in Leydig cells soon it
was realized that the major function of GRTH is exerted in the
germinal epithelium at post-meiotic stages of spermatogenesis.
GRTH to date is the only helicase known to be stimulated
by hormones. Its transcription is stimulated by gonadotropin
(hCG/LH) induced androgen (A) formation/action through
stimulation of cell surface LH receptors in Leydig cells and by
paracrine action of androgen through Sertoli cells in germ cells of
the rat and mouse testis. During the last 20 years, studies in this
laboratory have concentrated in understanding the role of GRTH
in spermatogenesis and Leydig cell function, its regulation and
role in male reproduction.

CHARACTERIZATION OF GRTH
ENZYMATIC ACTIVITY AND ITS
LOCALIZATION IN LEYDIG AND GERM
CELLS

GRTH/DDX25 was the designated trivial/scientific name
assigned to this novel RNA helicase. It contains all 9 conserved
motifs of the DEAD (Asp-Glu-Ala-Asp)-box RNA helicase

family members (Q, I, Ia, Ib, II IIL, IV, V, VI) including those
involved in RNA binding and ATP interaction (6). GRTH
contains ATPase activity and ATP dependent RNA helicase
activity (Figure 1A). It differs from other members of the family
in possessing high intrinsic ATPase activity in absence of RNA,
but as other family members its activity is highly enhanced in
presence of mRNA, synthetic Pol A and DNA while Poly U,
total RNA and tRNA, had only minor effect. The ATPase activity
either intrinsic or stimulated has an essential Mg? requirement.
GRTH unwinds messages bidirectionally, experimentally double
strands of RNA/RNA, and RNA/DNA 3" and 5" duplexes were
unwound by GRTH-GST in presence of ATP. GRTH was cloned
from the rat Leydig cell, mouse and human testis cDNA libraries
(1). Besides the conserved motifs characteristic of the DEAD-box
family GRTH has low amino acid sequence similarity with most
other members of the family. Its unique N- and C-terminal
sequences and overall structure presumably confers its multiple
specialized biochemical functions. GRTH mRNA and protein
are predominantly expressed in the male gonad and minor
levels of the transcripts are expressed in brain, hypothalamus,
pituitary and other tissues and stable cell lines in culture
including those of rat anterior pituitary and hypothalamic
neurons (1, 7). GRTH displays 93-98% amino acid sequence
similarity among rat, mouse and human species. It has 64%
amino acid identity with DBP5/DDX19 (human/mouse/yeast)
which is ubiquitously expressed, associates with nuclear pore
complex (9-11) and is required for RNA poly (A) export
function (Figure 1B). It displays considerably less similarity
(41-42%) to initiation factors of the translation complex,
elF4ALII/DDX2A,B (12) and only 32-34% to other germ cells
DEAD-box RNA helicase proteins including, An3 which is
expressed throughout oogenesis, embryogenesis and adult life
and colocalizes with nucleoli in Xenopus laevis oocytes (13),
Dedlp/PL10 (S. cerevisiae/mouse) require for translation (14)
and Vasa/mVH/DDX4, a DEAD-box helicase family member
essential for male germ cell development and oogenesis in
Drosophila (15). It is also found in the mammalian male germ
cell lineage where in its absence spermatogenesis is blocked at
the first meiotic cell division (16).

GRTH SPECIES ITS GENERATION AND
POST-TRANSCRIPTIONAL
MODIFICATIONS AND THEIR CELLULAR
LOCALIZATION

Multiple protein GRTH species were generated through usage
of three alternative translation initiation codons from a single
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proteins display sequence similarity to the rat of 98.8 and 93.4%, respectively

inhibitor (PKI) (below) in COS-1 cells (8).
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FIGURE 1 | GRTH structure, cellular localization, and post-translational modification. (A) Schematic representation of the conserved amino acid motifs shared by
GRTH with members of the DEAD-box family of proteins. Nine conserved motifs are indicated as (Q, 1, la, Ib, lI-VI). The amino acid position T239 showing
phospho-modification in GRTH which is located outside the conserved domain. (B) Phylogenic analysis of members of DEAD-box family of RNA helicase. Maximum
parsimony analysis of the alignment of 20 members of DEAD family was constructed using the neighbor-jointing method of PAUP 4.0. The mouse and human GRTH
(7). (C) Cellular localization in mice testis of GRTH protein in the interstitial compartment
and in different cell types in the rat seminiferous tubule (5). GRTH expression is noticed in Leydig cells (LC), pachytene spermatocytes (P), round spermatids (RS), and
elongating spermatids (ES). (D) Western blot analysis (left) showing pull-down of GRTH protein from mice total testicular lysates (T) and purified cytoplasmic (C) or
nuclear (N) fraction using GRTH specific antibody by immunoprecipitation. GRTH; p-Ser, p-Thr, and p-Tyr, phosphoantibodies were used to develop the blot. Right.
Western blot showing effect of CAMP treatment on COS-1 cells overexpressing GRTH (above). Western blot showing increased on post-translational modification
(phospho) of overexpressed GRTH protein species by co-transfected PKA catalytic subunit (0GRTH, 61 kDa and non-phospho GRTH, 56 kDa) prevented by PKA

transcript of 1.6 kilobases. Testicular germ cells preferentially
utilize +1 ATG which closely match the consensus Kozak
sequence and yield major proteins of 61/56 kDa. The Leydig
cells utilize the 2nd ATG at +343 position resulting in the
expression of 48/43 kDa forms. Only in germ cells weak
utilization of the 3rd ATG codon at+ 568 producing a 33 kDa
protein species was observed (5). ATG codons are utilized in
cell specific manner and at least one is hormonal dependent
(gonadotropin/cAMP/androgen), since there is switch from 1st
to 2nd ATG utilization upon in vitro hCG stimulation which
was reversed by androgen antagonist Flutamide (5). This was
observed in round spermatids not in pachytene spermatocytes.
The 2nd ATG is utilized in Leydig cells where endogenous
androgen production is abundant and in round spermatids
under exogenous hCG treatment which increases androgen
levels/actions in the seminiferous tubule (Sertoli cells). Thus,
we conclude that utilization of the 2nd ATG is dependent on
androgen induced factor(s). This concept is reinforced by more
recent findings which demonstrated that the GRTH in round
spermatids is transcriptional up-regulated by androgen while
pachytene spermatocytes showed no response (17).

The 56 kDa GRTH is the non-phosphorylated form present
in the nucleus of germ cells which transports specific nascent

messages to the cytoplasm via Chromosomal Maintenance
1 (CRM1) pathway (Figure 1D). It is also present in small
quantities in the cytoplasm and at this site the function of
these species has not been explored. The leucine-rich region at
the N-terminal comprising amino acids 61-74, was identified
as the nuclear export signal which participates in CRMI-
dependent nuclear export pathway of relevant mRNAs to
cytosolic sites. Moreover, deletion analysis has localized the
GRTH nuclear localization sequence to amino acid positions
100-114, 5" adjacent to the second ATG codon. The 61 kDa
GRTH phospho-species is present solely in the cytoplasm of
germ cells [Figure 1D; (8)]. This GRTH form by association with
relevant messages prevents their degradation and presumably
participates in the transport of mRNA to Chromatoid Bodies
(CB) of round spermatids for storage prior to translation at
specific times during spermatogenesis. The 61 kDa phospho-
form also participates in the transport of messages to actively
translating polyribosomes where it is believed to engage in the
translational regulation of germ cell specific genes involved in
the progress of spermatogenesis. Phosphorylation of GRTH is
induced by cAMP dependent Protein Kinase A Ca at Threonine
239 [Figure 1D; (8, 18)]. This single site resides in the core
region, not within any of the conserved motifs of the family. Its
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PKA site sequence TKIR is a non-canonical motif which is more
common in the testis than in other tissue (19). In the case of
48/43 kDa species it is proposed to represent the phospho-/non-
phospho species, respectively, however their specific function
need to be established. Both lower molecular forms (48/43 kDa)
lack the 5" sequences where the known nuclear import and export
localization sequences for the 61/56 kDa are present, and its
intrinsic localization sequences if present remain to be defined.
With our present knowledge the 43 kDa form is not expected
to reside in the nucleus or engaged in transport of messages,
but perhaps its actions are confined to translational process
of mRNAs.

CELLULAR DEVELOPMENTAL
EXPRESSION OF GRTH IN THE TESTIS

Initial localization of GRTH by in situ hybridization in the
rat revealed the presence of GRTH transcripts in interstitial
and germ cells of the testis. Immuno-labeling was observed
within the seminiferous tubules of adult rats in meiotic cells,
pachytene spermatocytes and haploid round and elongated
spermatids. In contrast, germ cells within the basal compartment
(spermatogonia and preleptotene spermatocytes) and Sertoli cells
were negative. In pubertal cells only pachytene spermatocytes
were positive (1). GRTH mRNA expression was not observed
in testis of immature rats, 8-12 days old, while positive signals
were observed in tubules and Leydig cells of pubertal animals
(ages 23 and 26 days) and in the adult testis. Although there
are currently no studies on GRTH expression in neonatal
animals, at times when testosterone and LH levels are known
to be elevated, it is likely that GRTH expression in neonatal
Leydig cells could be temporarily elevated. Northern blot analysis
detected a single transcript of 1.6kb in Leydig and germ
cells of the testis and small abundance of transcripts in the
hypothalamus, pituitary, and brain but was not found in ovary
or other tissues examined including uterus, liver, kidney, heart
and adrenal. Also, equivalent size transcripts were detected in
the adult human and mouse testis (1). Early in vitro studies
using recombinant GRTH-GST showed 100-200% increased
translation of luciferase RNA template over control indicating
the potential role of GRTH in translation. The developmental
and stage specific expression of GRTH mRNA pointed to a
Gonadotropin/androgen dependence and a participation of this
helicase in spermatogenesis. In vivo stimulation by hCG of GRTH
mRNA in Leydig cells were also observed in vitro and similar
effects were found upon stimulation of cells with cAMP (8-bromo
cAMP) in vitro, and an equivalent stimulation of transcripts was
induced upon incubation with dihydrotestosterone. Increases
induced by hCG and cAMP were prevented by inhibitor
of steroidogenic enzymes (cholesterol side chain cleavage,
3p-hydroxysteroid oxidoreductase and 17a-hydroxylase/17-20
desmolase) which abolished the androgen production induced
by hCG/cAMP indicating its androgen dependence in Leydig
cells (8).

The development of an affinity purified GRTH peptide
antibody (amino acid positions 465-467) identified GRTH as

a developmentally regulated protein in Leydig and germ cells.
Initial immunohistochemistry studies in the rat showed GRTH
immunoreactive protein in the interstitial cells of the testis (8).
In the seminiferous tubules both pachytene spermatocytes and
round spermatids expressed GRTH protein and the intensity
of staining varied at different stages of the spermatogenic cycle
(Figure 1C). Staining in round spermatids attained maximal
levels at stages VIII and IX and were reduced at later stages
X-XII of elongated spermatids. In pachytene spermatocytes
GRTH protein levels were generally lower than in round
spermatids gradually increasing from stages II to IX, and like
round spermatids reached peak levels at stages VIII and IX
declining thereafter at stages X through XIII. Intense protein
staining was observed in stage XIV in spermatocytes entering
the metaphase of meiotic division (there are 14 stages of the
spermatogenic cycle in the rat and 12 stages in the mouse). In
the mouse, peak levels of GRTH protein labeling is observed
in round spermatids, pachytene spermatocytes, and elongated
spermatids at stages VIII, IX, and X, respectively, and at stage
XII is found in spermatocytes entering the metaphase of meiosis.
GRTH protein was not found in myoid and Sertoli cells.
Combined use of immunocytochemistry studies and western
blot analysis demonstrated that GRTH is a developmentally
regulated protein in Leydig and germ cells of the rat and mouse
testis (8).

GENE STRUCTURE, CELL SPECIFIC
EXPRESSION, AND MECHANISMS OF
REGULATION BY ANDROGEN IN LEYDIG
AND GERM CELLS

The GRTH/DDX25 gene resides in chromosomes 11q24 in
human, 8925 in rat and 9A3-A5 in mouse. The 20 KB mouse
gene contains 12 coding exons, all but one of the conserved
motifs which is shared between two exons 10 and 11 (motif V),
reside within single exons and identical genomic organization
was identified of the human GRTH gene. The GRTH gene
promoter is TATA-less contains GC sequences, initiator elements,
and multiple TSSs. The promoter resides within —205/463 bp of
the gene. The basal transcriptional activity is driven by essential
Sp1/Sp3 binding sequences at —169/—150 within the promoter
(20). GRTH is regulated by LH through Androgen/Androgen
Receptor (AR) directly at the transcriptional level in Leydig cells
with impact solely in gonadotropin stimulated steroidogenesis
and testosterone production in vivo and in vitro with no impact
in basal conditions. In germ cells however, the action of A is
indirect through AR in Sertoli cells and its expression is both cell
and stage specific. Sertoli cells are the nursing cells of germ cells
with established cellular and molecular communications, thus
A actions presumably proceed in a paracrine fashion through
signaling events. Generation in our laboratory of transgenic
mice models carrying GRTH 5 flanking regions with GFP as
reporter provided in vivo systems that permitted differential
elucidation of regions that contain sequences in the GRTH
gene that directs expression to different cellular compartments,
upstream sequences (—6.4/—3.6kb linked to its promoter —205
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to+63-GFP) in germ cells and downstream (—1,085/463 GFP) in
Leydig cells (Figure 2). Androgen produced in Leydig cells under
the pulsatile LH stimulus from the pituitary gland, stimulates
transcription of the GRTH gene in an autocrine manner through
its AR association with a non-canonical androgen response
element half-site at —827/—822 (5-TGTCC-3'). This occurs
through an association of A/AR bound to its cognate DNA site
with member(s) of the preinitiation complex, TFIIB and Pol II
via a short-range chromosomal loop revealed by CHIP3C assays.
Association of SRC-1 and Med-1 co-activator to A/AR, though
not require for looping are essential for AR, TFIIB, and Pol II
recruitment to the complex and GRTH transcriptional activation
(21). Other studies demonstrated that in transgenic mice the —6.4
kb/+63 GFP transgene directed GRTH expression to both Leydig
cells and germ cells (Figure 2). Androgen regulation of GRTH
transcription in vivo and in vitro in the germ cell compartment
is only confined to round spermatids. The expression of GRTH
by androgen is regulated by androgen/AR acting in Sertoli
cell which in a paracrine fashion regulate GRTH transcription
through a yet to be identified signal(s) relayed to germ cells.
This is accomplished by the participation of the transcription
factor GCNF (Germ Cell Nuclear Factor) whose expression
is regulated by androgen in round spermatids. In these cells
GCNF associates to a consensus half-site (—5,270/5,252 nt)
of the GRTH gene and promotes its cell specific regulated
transcription/expression of this helicase. Moreover, GRTH has
been found to be associated with GCNF mRNA and to have an
inhibitory effect on GCNF message stability which demonstrate

an autocrine regulation of GCNF by GRTH at the post-
transcriptional level (22).

LESSONS LEARNT ON THE FUNCTIONS
OF GRTH FROM THE GRTH-TARGETED
NULL MICE

Phenotype, Functional, and Structural

Alterations

GRTH knock-out mice (homozygous) are sterile due to a
blockade of spermatogenesis at step 8 of round spermatids
resulting in complete lack of elongated spermatids and sperm
and solely degenerating spermatids were present in the lumen of
the epididymis (Figures 3A,D). These mice exhibit normal sexual
behavior and have normal circulating levels of gonadotropins
and testosterone. This excluded androgen deficiency as the
cause of the spermatogenic arrest, despite the existence of EM
abnormalities in the Leydig cells (23). These included marked
reduction of lipid droplets, swollen mitochondria and lack
of typical normal cristae structure while the circulating basal
androgen levels were found to be normal in GRTH™/~ mice.
However, subsequent studies revealed considerable testosterone
increase upon stimulation of Leydig cells with high doses of
hCG in vivo and in vitro in null mice when compared to
WT. Changes in Leydig cell structure and function are in
concert with marked accumulation of cholesterol in the inner
mitochondrial membrane and an increase in protein expression
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FIGURE 3 | GRTH-KO mice model reveal the role of GRTH in the completion of spermatogenesis. (A) H&E staining of WT and KO mice testis showing seminiferous
tubules and epididymis. Presence of elongated spermatids only in WT mice is indicated by arrows. P. pachytene spermatocytes; RS, round spermatocytes.
Epididymis lumens of WT mice contains mature sperm while in KO mice lumens are filled with degenerating germ cells (23). (B) EM images of round spermatid from
WT and GRTH-KO mice and elongated spermatid of WT mice. Absence of GRTH in KO mice causes arrest of spermiogenesis at step 8 of round spermatids and
failure to elongate (23). CB of KO mice was highly condensed, greatly reduced in size and lacking the typical nuage texture (red arrow) as compared with wild type CB
(red arrow). (C) TUNEL IHC staining of testis section from GRTH-KO mice show marked apoptosis in germ cells compared to WT mice. Quantitative evaluation of
apoptosis (right), mean + SE of apoptotic cells per tubule [10 tubules were assessed for each group (23)]. (D) Diagram of mice spermatogenesis showing
spermatogonia (SG, 2n) followed by first meiotic (1) division resulting in the formation of primary (1°) and secondary spermatocytes (SP). Secondary SP through
meiosis generate haploid round spermatids (RS) entering the differentiation process of spermiogenesis (16 steps in mouse) to produce elongating spermatids (ES) and
spermatozoa/mature sperm. Germ cells expressing GRTH (spermatocytes and round spermatids) are boxed in red. The regulation of gene expression during the
developmental process is governed in a precise temporal sequence: an initial active transcription phase with translational repression is followed by cessation of
transcription associated with chromatin modification. Chromatin structure in spermatogenic cells changes during development from mitotic spermatogonia into
meiotic SP and post-meiotic haploid spermatids. During spermatid elongation, histones are removed and replaced by TP1 and TP2 and subsequently by Prm1 and
Prm2. GRTH- dependent expression of proteins is highlighted including H4 (testis specified histone), HMG2, TP2/TP1, testicular ACE, PGK2, Prm1/Prm2. RS
development in the WT showing progression to mature sperm. In GRTH-KO, there is a spermatogenic arrest observed at step 8 of RS (7).

of genes involved in cholesterol synthesis and transport including
HMGCR, Srebp2, and StAR (24). In contrast, heterozygous mice
are fertile. Females homozygous have normal fertility consistent
with GRTH expression solely in the male gonad.

Of major note was the highly condensed chromatoid bodies
(CB) of markedly reduced size with lack of the usual “nuage”
appearance at all steps of round spermatids in GRTH™/~ when
compared to GRTH */* and GRTH */~ mice (Figure 3B). These
changes in the CB of null mice are consistent with their lack
of GRTH dependent nuclear-cytoplasmic transport of messages
concern with the progress of spermatogenesis (5, 8). The CB is
a non-membranous filamentous cytoplasmic body which resides
in the cytoplasm adjacent to the nucleus of round spermatids
and serve as repository of long-lived mRNAs associated as
mRNPs waiting for translation during spermatogenesis. CB
contains members of the small interfering RNA pathway like
MIWI, argonaute protein, Risc/Dicer endonuclease, decapping
enzyme, and mi/si/pi RNAs that participate in the RNA-mediated
silencing/degradation (25). CB also contain MVH/DDX4, a
mouse homolog of drosophila VASA, which is commonly used
as a germ cell marker (15, 26) and proposed to participate in

the small RNA interfering pathway to regulate RNA processing
(25). MVH has an essential role in the MILI, MIWI, and MIWI2
dependent piRNA processing pathway (27). It is of note that
GRTH is highly abundant in the CB (28, 29). In elongating
spermatids, the CB moves to a caudal site at the base of
the flagellum, where it subsequently undergoes fragmentation
and disappears from the cytoplasm (30). There is limited
information about the specific mechanisms of the CB function
during spermatid elongation. In late pachytene spermatocytes
a series of small granules which associated with the nuclear
envelope and reside between small vesicles are believed to be
precursor of CBs (31). More recent studies have indicated
that piRNAs originated in pachytene spermatocytes from non-
transposon intergenic regions cause massive abrogation of
cellular programs in elongated spermatids in preparation of
sperm production (32). CB are believed to possess functional
similarities to P-bodies and stress granules which contain
aggregates of translationally repressed mRNPs associated with
the translation repression and mRNA decay machinery in early
development in neurons (33, 34). P-bodies contain members of
mRNA decapping machinery, including the decapping enzymes
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TABLE 1 | Summary - GRTH, a multi-functional protein regulating several cellular events.

Cellular Role of GRTH

function/Event

Apoptosis

GRTH prevents germ cell apoptosis by regulating expression of several genes pro-apoptotic/anti-apoptotic genes (Cas3, Cas8, Cas9, PARP,

Bid, Bad, Bak, p53, Bcl2, Bel-xL, IkBa/B, TRADD) in the Caspase, NFkB, and TNFa/TNF-R1 mediated pathways.

RNA Transport

RNA Processing
process during spermatogenesis

RNA Degradation

miRNA Regulation

Participates in nuclear export of germ cell specific mRNAs (Tp2, Prm2, PGK2, tACE) from nucleus to cytoplasmic sites during spermatogenesis

GRTH as a helicase protein helps in RNA unwinding. It selectively binds to germ cell specific mMRNAs and polyribosomes for active translation

GRTH prevents degradation of Tp2, Prm2, and Tssk6 mRNA's essential for spermiogenesis

GRTH plays an important role in the negative regulation of testis specific miRNAs (miR469, miR34c, miR470) and other miRNAs like Let7 family

members through regulating their biogenesis via Drosha/DGCR8 microprocessor complex

Spermatogenesis

GRTH is essential for spermatid development and completion of spermatogenesis (round spermatid to elongating spermatid).

Maintains the integrity of chromatoid body which stores germ cell specific RNAs during spermatogenesis.

and its activators. Stress granules share some components in
common with P-bodies, typically contain translation initiation
factors eIF4E, elF4G, elF4A, eIF4B, poly-A binding protein,
elF3, elF2, and the 40S ribosomal subunit (25). Further, the CB
also resembles the recently described TIS associated granules
and the interconnections proposed between TIS granules and
ER (TIGER domain structure) could apply to the CB (35).
In germ cells/round spermatids, mRNAs are transported from
nucleus to the cytoplasm by GRTH via CRM1 pathway where
messages are temporarily stored and translationally repressed
in the CB awaiting translation during spermiogenesis and
where can also undergo degradation. Disruption of GRTH
gene did not show changes on steady state mRNA levels of
chromatin remodeling gene transcripts and other of relevance
to the progress of spermatogenesis including Tpl, Tp2, tACE.
This was observed on the background of reduced cytoplasmic
levels, which was attributed to their impaired nuclear export.
However, their protein was absent in the null mice indicating
the post-transcriptional function of GRTH (Table 1) (7). Because
in KO mice the arrest occurs prior to the elongation where
chromatin remodeling proteins are normally expressed in
elongated spermatids, it is difficult to assess the relevance of
GRTH in the posttranscriptional event but given their association
with GRTH in transport and presumably at cytosolic sites it is
strongly indicated the prevalent post-transcriptional function of
this helicase (8).

GRTH in microRNA Regulation

A set of primary microRNAs were up-regulated in round
spermatids of GRTH KO mice. These include testis specific miR-
469, testis preferred miR-34c and miR-470 and others such let-
7 family members (let-7a/d, b and e-g) and miR203 (Table 1).
Also, the enzyme complex (Drosha-DGCRS8) required to process
the Pri-miRNA transcripts to Pre-miRNAs in the nucleus is
upregulated in the KO mice This occurs prior to their transport
via exportin 5 to the cytoplasm and final processing by Dicer
dependent pathways to mature miRNA with residence in the CB.
Our studies have identified TP2 and Prm2 as target genes for

miR-469. Through binding to the coding regions of the mRNAs
of these chromatin remodelers miR-469 represses their protein
expression. GRTH has an essential role in the negative regulation
of a subset of miRNAs through maintaining their biogenesis
via Drosha/DGCR8 microprocessor complex to generate mature
miR 469 and others could play a role during spermatogenesis.
Control of the temporal progression of spermatogenesis via miR-
469 inhibitory action on TP2/Prm2 mRNA at the CB site could be
essential for their timely expression for chromatin compaction in
spermatids and the progress of spermatogenesis (36).

Role in Apoptosis

In GRTH null mice, major apoptosis was predominant at
stage XII of spermatogenesis and confined to spermatocytes
entering the metaphase of meiosis, well before the arrest point
(step 8 of round spermatids) and subsequently magnified at
the various steps of round spermatids (23). This indicated
that at the early stage, the development of germ cells were
compromised and progression from a reduced number of
cells followed. Spermatogenesis progression to haploid steps
of round spermatids in the GRTH™/~ mice where apoptosis
was so prevalent in pachytene spermatocytes (30% cells/tubule),
indicated the participation of yet to be defined compensatory
mechanism(s) during these important developmental stages of
spermatogenesis (Figure 3C). These could include activation
of survival mechanisms, noted by the increase of DNA
repair proteins (Rad 51 and Dmcl) required for maintaining
chromosomal integrity in GRTH null mice and the possible
participation of other helicases such as DDX3 and DBP5 in the
progression from the remaining viable meiotic cells to haploid
steps of round spermatids until the arrest point at step 8. The
enhanced apoptosis in the GRTH null mice is undoubtedly
related to the absence of GRTH protein since apoptotic cells in
spermatocytes were only reduced to 8% per tubule in GRTH*/~
mice and <1% in wild type mice. Comparative studies in
pachytene spermatocytes of GRTH null mice vs. Wild type
revealed that Pro- and anti-apoptotic factors are regulated by
GRTH. Significant increased levels of pro-apoptotic factors Bid,
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Bak. Bad, Smac and p53 was observed in GRTH null mice
while levels of anti-apoptotic proteins including Bcl2, Bcl-xL,
phospho-Bad, and HSP10 were significantly reduced. Also, major
reduction of PKA(c), Erkl/2 and pErkl/2, enzymes known to
phosphorylate Bad (anti-apoptotic) was found in the GRTH
null mice indicating the general effect of this helicase on the
mitochondria directed apoptotic route (37). The lack of GRTH
could reduce mitochondria integrity through the increases in
membrane bound proapoptotic proteins that promote release
of cytochrome C with significant effects on Caspase Signal
Pathways. These included significant increases in active cleaved
products of caspases 9 and 3 and PARP recognize to induce
DNA fragmentation (Table1). GRTH through its association
with caspase 3 mRNA has a significant role in its stability through
increased degradation, consequently marked increases in the
half-life of the transcript was observed in the null mice. GRTH
has effect on NFkB-mediated anti-apoptotic pathway. Increased
levels of IkBa and reduction of its phosphorylation which cause
sequestration of NFkB dimers in the cytoplasm was observed
in the KO mice. This promotes association of IkBa/p with
NFkB and prevents its nuclear translocation which is required
for transcriptional activation of antiapoptotic genes. Moreover,

GRTH regulates the TNFa/TNF-R1 mediated pathway and
caspase 8 mediated events by regulating the levels of TRADD
expression. GRTH associated with some apoptotic factors (Bad,
Bac, Smac, p53) and anti-apoptotic factors (Bcl-2, Bcl-x1, HSp10).
It also associates with caspases 3, 8, and 9, PARP, TRADD, and
IkB and nuclear regulators of NFkB- p300 and HDAC1 (37).
The prevalence of apoptotic or antiapoptotic pathways could
result from association of corresponding transcripts with GRTH
which in turn cause silencing/degradation or alter translation and
transport events.

ROLE OF PHOSPHO-GRTH IN
SPERMATOGENESIS

Our early studies revealed that a missense heterozygous mutation
of R249 to H of GRTH found in 5.8% of Japanese patients with
non-obstructive azoospermia and 1% of normal controls, when
expressed in COS1 cells, causes loss of the 61 kDa cytoplasmic
phospho-GRTH species with preservation of the nuclear 56
kDa non-phospho form (38). From this initial finding we could
conclude that the mutation observed in these patients was not the
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FIGURE 4 | GRTH-KI and essential role of phospho-GRTH in round spermatid during spermiogenesis. (A) H&E staining of WT and GRTH-KI mice testis showing
seminiferous tubules and epididymis. In WT mice seminiferous tubules arrows indicate presence of elongated spermatids. GRTH-KI show degenerating multinucleated
giant cells indicated by arrows. Epididymis of WT mice is filled with mature sperm (indicated in arrows) while in KI mice lack sperm but the lumens contain degenerating
germ cells (indicated in arrowheads). (B) EM sections testis showing marked size reduction in chromatoid body (CB) in round spermatids (red arrows) of GRTH-KI
mice compared to WT mice. (C) Immunofluorescence staining of GRTH protein (Red) in the nucleus and at cytoplasmic sites, in chromatoid bodies (CB) of round
spermatids of WT mice (39). Arrows indicate CB. GRTH-KI mice lack GRTH signal in the CB. Nuclear staining using DAPI is shown in blue. (D) Western blot showing
non-phospho GRTH expression in WT, heterozygous and homozygous Kl mice while pPGRTH expression was totally absent in homozygous Kl mice compared to WT
mice and heterozygous Kl mice (39). (E) Schematic diagram showing progression of mice spermatogenesis from spermatogonia to round spermatids which undergo
different steps (total 16) of development to give rise to a condensed sperm. In WT mice during the process of spermiogenesis in round spermatids we observed stable
expression of Tssk6, Tp2, and Prm2 mRNAs and phospho-GRTH plays an important role in the stability of these germ cells specific mRNAs until ready for translation
in later steps during elongation of spermatids. During spermatid elongation transition proteins are replaced by protamines1/2 and the chromatin becomes more
condensed. While in GRTH-KI mice due to lack of phospho-GRTH the stability of above-mentioned germ cells specific mMRNAs is hampered resulting in their reduced
mRNA levels and degradation. In GRTH-KI mice Tp2 and Prm2 proteins are absent due to failure of round spermatids to elongate in step 8 of spermiogenesis (39).
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cause of azoospermia, as judge by our observation in null mice
where only homozygous null mice were infertile (38). However,
the finding provided an avenue to elucidate the function of
phospho-GRTH in spermatogenesis. Recently we generated a
humanized GRTH knock-in (KI) mouse with the R242 to H
mutation observed in the patients (39). Homozygous mice are
sterile with marked reduction in the size of the testis which lack
sperm (Figure 4A) with arrest at step 8 of round spermatids
and complete loss of the cytosolic phospho-GRTH species (61
kDa) with preservation of the non-phospho form of GRTH
(Figure 4D). In KI mice the androgen and gonadotropin levels
were comparable to the Wild Type and the mating behavior
is normal. In contrast, heterozygous mice are fertile. The non-
phospho form is predominant in the nucleus and small quantities
are also present in the cytoplasm of the KI mice. Thus, in KI
mice the nuclear transport functions were preserved while the
cytoplasmic functions including shuttling of messages, storage in
the CBs and translational events which require phospho-GRTH
are absent. Consequently, a marked reduction of the chromatoid
body of round spermatids was revealed (Figure 4B). KI mice lack
phospho-GRTH protein in CBs (Figure 4C). Germ cell apoptosis
was observed in pachytene spermatocytes and round spermatids
until the arrest point. In contrast to KO, KI mice revealed no
changes in miRNA biosynthesis which indicated involvement
of non-phospho rather than phospho-GRTH most likely as
a transcriptional regulator of members of the microprocessor
complex Drosha DCGR affecting primiRNAs formation (36).
In KI mice we found loss of chromatin remodeling and
related proteins including TP2, PRM2, and TSSK6 and also a
significant decrease of their mRNAs and half-lives, indicating
that their association with phospho-GRTH in the cytoplasm
protect mRNAs from degradation (Figure 4E). Moreover, we
demonstrated that mRNAs concerned in spermatogenesis bound
phospho-GRTH and their association to actively translating
polyribosomes. These and related transcripts were found down-
regulated at polysomal sites in KO mice. Ingenuity analysis
predicted association of pGRTH bound messages at polysomal
sites of round spermatids with the ubiquitin-proteosome-heat
shock protein network and the NFkB/TP53/TGFB1 signaling
(40). In early studies we demonstrated that GRTH protein
bind to the 3’ UTR region of mRNA (41). In very recent
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A Corrigendum on

Gonadotropin Regulated Testicular RNA Helicase, Two Decades of Studies on Its Structure
Function and Regulation From Its Discovery Opens a Window for Development of a
Non-hormonal Oral Male Contraceptive

by Dufau, M. L, and Kavarthapu, R.
doi: 10.3389/fendo.2019.00576

(2019).  Front.  Endocrinol.  10:576.

In the original article, there was an error in the Title, first instance of the word “Regulation” should
have been “Regulated.”

A correction has been made to Title:

“Gonadotropin Regulated Testicular RNA Helicase, Two Decades of Studies on Its Structure
Function and Regulation From Its Discovery Opens a Window for Development of a
Non-hormonal Oral Male Contraceptive”

The authors apologize for this error and state that this does not change the scientific conclusions
of the article in any way. The original article has been updated.

Copyright © 2019 Dufau and Kavarthapu. This is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s)
and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
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Targeting Endothelin-1
Receptor/p-Arrestin-1 Axis in Ovarian
Cancer: From Basic Research to a
Therapeutic Approach

Piera Tocci’, Laura Rosano "2 and Anna Bagnato ™

" Preclinical Models and New Therapeutic Agents Unit, Istituto di Ricovero e Cura a Carattere Scientifico (IRCCS), Regina
Elena National Cancer Institute, Rome, Italy, 2 Institute of Molecular Biology and Pathology, CNR, Rome, Italy

Recent studies imply a key role of endothelin-1 receptor (ET-1R), belonging to the largest
family of G protein-coupled receptors (GPCR), in the regulation of a plethora of processes
involved in tumorigenesis and metastatic progression. g-arrestin-1 (-arr1) system has
been recognized as a critical hub controling GPCR signaling network, directing the
GPCR’s biological outcomes. In ovarian cancer, ET-1R/B-arr1 axis enables cancer
cells to engage several integrated signaling, and represents an actionable target for
developing novel therapeutic approaches. Preclinical research studies demonstrate that
ET-1R blockade by the approved dual ETAR/ETgR antagonist macitentan counteracts
B-arr1-mediated signaling network, and hampers the dialogue among cancer cells and
the tumor microenvironment, interfering with metastatic progression and drug response.
In light of major developments in the ET-1R signaling paradigm, this review article
discusses the emerging evidence of the dual ET-1R antagonist treatment in cancer,
and outlines our challenge in preclinical studies warranting the repurposing of ET-1R
antagonists for the design of more effective clinical trials based on combinatorial therapies
to overcome, or prevent, the onset of drug resistance.

Keywords: endothelin-1, endothelin-1 receptors, ovarian cancer, p-arrestin-1, G-protein coupled receptors

INTRODUCTION

G protein-coupled receptors (GPCR) are major therapeutic targets because their signaling,
influencing many cellular biochemical activities, phenotype plasticity, and gene expression,
touches numerous aspects of human endocrinology, physiology, and pathophysiology, including
tumorigenesis (1, 2). Among these, the endothelin-1 (ET-1) receptors (ET-1R), ET receptor
(ETAR), and ETp receptor (ETgR), exert critical functions in many tumor settings and their
aberrant expression has been observed in several malignances including ovarian cancer (OC)
(3). Surgery and platinum-based chemotherapy represent the standard approach for OC patients.
Clinical evidences indicate that even after initial response, the majority of OC patients relapse
and acquire chemotherapy resistance (4-6). The limited clinical response observed in OC patients
may be related to the integration network of different pathways, including ET-1 signaling. ET-1R
activation occurs through the agonist-dependent binding of three 21-amino acid isoforms, ET-1,
ET-2, and ET-3 (7-9), and their eclectic effects are due to the different grades of affinity of ETAR
and ETgR for the three ligands (7-12). Indeed, EToR exhibit higher affinity for ET-1 and ET-2,
while ETgR binds the three ETs isoforms with equal affinity (8).
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ET-1R activation mechanism have long been reported as a
process consisting of the ETs bound to the receptor and G
protein coupling, which triggers a signaling cascade including
an increase in intracellular Ca?, activation of Rho-kinase, or
adenylate cyclase/cyclic adenosine monophosphate pathway, and
the transactivation of the epidermal growth factor receptor
(EGFR) (3, 13, 14).

In addition to activating the G-protein pathway, ET-1R
activate the B-arrestins (B-arr) pathway, known as p-arrestin-
1 (B-arrl) and P-arrestin-2 (B-arr2), which guiding ET-1R
internalization by the engagement of clathrin-coated pits, directs
ET-1R recycling or lysosomal degradation, precluding G-protein
coupling even in presence of a persistent ET-1 stimulus (15-
18). While both ET-1R are internalized by B-arr and clathrin-
dependent mechanisms, ET AR are recycled to the cell membrane
while ETgR are lysosomal degraded (19). Interestingly, increasing
evidence points out the existence of a signaling concept by which
ET-1R reinforces and prolongs its signaling pattern through f-
arrl, which favoring multi-protein complex formation, defines
new signaling outputs parallel to the traditional G-protein-
dependent one (3, 20). In particular, B-arrl converts protein-
protein interaction into a connected signaling network counting
several oncogenic pathways, in both the cytoplasm and the
nucleus (3, 20).

Downstream of ET-1R, the recognition of this B-arrl role
may be particularly relevant for the design of novel therapeutic
combinations able to efficiently hamper also the ET-1R/-arr1-
dependent branch, besides the G-protein-mediated routes (3).
In this scenario, this review aims to portray the multiple
facet of ET-1-dependent signaling, describing the impact of
B-arrl activity on the integration between ET-1R signaling
with other regulatory pathways which may influence both
the tumor and the surrounded TME. The availability of
appropriate preclinical models will allow more reliable studies in
physio-pathological complex context to validate more effective
therapeutic approaches able to antagonize the ET-1R/B-arrl
signaling network in OC and other malignancies.

THE ROLE OF ET-1R/B-ARR1-MEDIATED
FUNCTIONS IN OVARIAN CANCER

Integrated Network of
ET-1R/p-arr1-Mediated Signaling and
Other Pathways

The integration of diverse signaling pathways operating
concurrently within tumor cells may represent a mechanism
to escape drug response. In this view, the identification of
interconnected pathways, as critical vulnerabilities that allow
OC progression and chemotherapy resistance, represents an
essential tool to design promising therapeutic combination
against OC. An increasing body of evidence has well-
documented the close connection between ET-1/ET-1R axis
and other signaling pathways in cancer. Indeed, B-arrl may
influence ET-1R signaling, physically complexing with multiple
signal transducers, which exhibit different functions and

localization, including cytoplasmic and nuclear proteins (3, 21-
24), as well as cytoskeletal components (25-27), therefore
promoting the integration of ET-IR signaling with different
intracellular pathways. By acting as hub able to engage a pool
of oncogenic intermediates, B-arrl controls in a fine-tuning
manner several aspects of ET-1-induced functions related to OC
progression, including cell growth, cell survival, invasion, and
chemoresistance (3). An example of how p-arrl, mediating the
cross-talk of GPCR with other receptors, fosters ET-1R signaling
network sophistication is represented by the crosstalk between
ET-1R and the receptor tyrosine kinase (RTK) family members,
as EGFR or the vascular endothelial growth factor receptor-3
(VEGFR-3) (28), through the recruitment of SRC, that promotes
the transactivation of RTK in OC cells (3, 28).

Recent studies reported that B-arrl signaling, converging
on cytoskeleton remodeling-related signaling routes, generates
dynamic morphological changes which produce the force
required for changes in cell shape leading to cell invasion (29).
In this regard, it has been demonstrated that downstream of
ET-1R, P-arrl activates a signaling cascade by interacting with
PDZ-RhoGEF which, in turn, induces RhoC GTPase and cofilin
pathway, and the formation of actin-rich invasive protrusions
named invadopodia (25). B-arrl-associated molecular complexes
during invadopodia maturation require the interaction with
ENA/VASP family members, such as hMENA that regulates
the cytoskeleton dynamic behavior of different cell types (26).
The activation of ET-1R promotes the formation of a ternary
complex consisting of B-arrl/hMENA/PDZ-RhoGEF which
induces RhoC signaling, mediating extracellular matrix (ECM)
degradation (26). More recently, it has been disclosed a new
mechanistic association among ET-1R/B-arrl axis and the
integrin-related protein 1Q-domain GTPase-activating protein
1 (IQGAP1) that participates to cytoskeleton remodeling, and
invadopodia-dependent ECM degradation (27). In particular,
B-arrl/IQGAP1 complex induces Racl inhibition and a
concomitant RhoA and RhoC activation, indicating that ET-
1R-driven B-arrl interactions regulate the specific inputs for
invadopodia formation and activation (27). This aspect further
updates the landscape of the ET-1R/p-arrl-integrated pathways
and may magnify the understanding of the specific p-arrl
contribution to such network complexity.

A noteworthy B-arrl-mediated cross-talk is that between
ET-1R axis and B-catenin signaling. ET-1R activation induces
B-arrl recruitment at the cell membrane, where p-arrl may
trigger P-catenin stabilization through two modalities: the first
one promoting the EGFR transactivation via SCR, P-catenin
tyrosine phosphorylation and in turn its activation; the second
one by inhibiting the B-catenin destruction complex, constituted
by glycogen synthase kinase-3p (GSK-3f), axis inhibition 1
(AXINT1), adenomatous polyposis coli (APC), and B-transducin
repeat containing protein (B-TrCP), therefore promoting f-
catenin activation (30). Of note, the B-arrl-dependent ET-1R/B-
catenin signaling integration is not limited to the cytoplasm.
Indeed, this signaling interplay culminates into the nucleus
where B-arrl/B-catenin physical interaction leads to B-catenin
nuclear translocation, p300 recruitment on f-catenin target genes
promoters, favoring chromatin acetylation and transcriptional
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activity of B-catenin/T-cell factor 4 (TCF4) that promotes gene
expression, including EDNI (ET-1 gene), fueling an autocrine
loop that sustain a persistent f-catenin activation, that fosters
chemoresistance and metastatic behavior (21, 22).

More recently, it has been reported that the nuclear binding
of p-arrl to the hypoxia-inducible factor-la (HIF-1a) creates
a new signaling channel that connects ET-IR pathway to
HIF-la activity. In OC cells, B-arrl, as a nuclear co-factor,
directs the recruitment of HIF-la, as well as of p300, on
hypoxia responsive elements contained within HIF-la target
gene promoters, promoting the transcription of pro-angiogenic
genes, such as EDNI and VEGF (23). Consistent with these
results, a ChIP-Seq analysis in prostate cancer cells exposed
to pseudo-hypoxic conditions highlights the partial overlay of
binding sites of B-arrl and p300 within promoters and intronic
regions. The identification of non-overlapping sites suggests that
B-arrl may regulate gene transcription also autonomously from
p300 (31). In addition, the analysis of both B-arrl and HIF-1a
transcriptomes in breast cancer shows the overlap of the two gene
profiles, including known HIF-1a targets such as those required
in neovascularization, and aerobic glycolysis (32).

Similarly, it has been reported that B-arrl allows the
interfacing of ET-1R axis with the nuclear factor kB (NF-kB)
signaling in OC cells. In particular, ET-1R activation, in a B-arrl-
dependent manner, induces the phosphorylation of p65 leading
to its activation and in parallel IxB-a phosphorylation, inducing
its degradation. These two steps are critical for the PB-arrl-
dependent p65 nuclear accumulation and transcriptional activity.
The existence of the cross-talk between ET-1R/B-arrl and NF-kB
provide a further attempt of how ET-1R/B-arrl axis may affect
chromatin remodeling and gene transcription regulation (24).

Regarding the ability of B-arrl to interconnect oncogenic
signaling pathways, a recent study discloses the interplay between
ET-1R/B-arrl axis and the Hippo transducers YAP and TAZ
in patient-derived high-grade serous ovarian cancer (HG-SOC)
cells and in breast cancer cell lines carrying TP53 mutations
(mutp53) (33), indicating a therapeutic option for the treatment
of mutp53 cancers and opening new prospects on the regulation
of YAP/TAZ biology (34, 35). Mechanistically, p-arrl engages
a physical interaction with the two related transcription co-
activators YAP and TAZ into the cytoplasm where mediates its
de-phosphorylation, leading to YAP/TAZ cytoplasmic-nuclear
shuttling and activation in a G-protein independent manner.
In parallel, B-arrl interacting with a RhoGEF family member,
Trio, integrates an additional signaling route that includes
RhoA GTPase, and actin cytoskeleton activity, further favoring
YAP/TAZ nuclear accumulation. As co-transcriptional factor,
YAP binds TEAD as critical oncogenic transcription factor (36).
In the nucleus, B-arrl enrolling mutp53 on YAP/TEAD target
gene promoters, becomes part of a ternary complex consisting
of B-arrl/YAP/mutp53 that induces the aberrant expression of
TEAD target genes. Remarkably, this transcriptionally active
complex mediates also EDNI transcription, thus magnifying a
positive feed-back loop that sustains a persistent YAP activation,
which induces cell proliferation, survival and invasion. Moreover,
in breast cancer cells B-arrl may anchor also NFY transcriptional
factor together with YAP and mutp53 (33, 37), inducing the

transcription of the proliferative genes, further expanding the
repertoire of B-arrl nuclear partners and proving that B-
arrl/mutp53 cooperation may support the transcription of YAP-
associated signature. Clinically relevant, the expression of ET-1,
ETAR, and YAP were simultaneously up-regulated in HG-SOC
tissues compared to normal ovarian tissues. Additionally, HG-
SOC patients harboring TP53 mutations, with a combined high
expression levels of ET-1R/B-arrl/YAP have a worse prognosis
compared to patients who lack this network-based signature,
emphasizing the poor outcomes generated by the integration
between ET-1R/B-arrl and YAP pathways and contribute to
identify a predictive gene signature for recurrent HG-SOC (33).

These findings highlight the multimodality by which f-
arrl, acting not only as a cytoplasmic signal transducer but,
more significant, as a dynamic nuclear linker that guides the
positioning of transcriptional factor and co-factors, regulates
epigenetic control and, in turn, defines a highly characteristic
transcriptional profile, creating an additional layer of ET-
IR signaling regulation in oncogenic transcriptional activity
(Table 1).

ET-1R/g-arr1-Mediated Cross-Talk With
Other Signaling in the

Tumor-Microenvironment

The interfacing of transformed cells with the surrounded tumor-
associated elements from the TME, which include cancer-
associated fibroblasts (CAF), endothelial cells (EC), and immune
cells, as lymphocytes and tumor-associated macrophages (TAM),
as well as the interaction between tumor cells and the ECM,
impacts on cancer growth, progression and clinical outcome. A
deep knowledge of how the dialogue among tumor cells, TME
elements, and ECM may shape clinical response is an unmet
medical need in oncology. Regarding this aspect, emerging data
indicate that ET-1 signaling has a significant influence on several
pathways and cellular processes involving both the tumor and the
TME, thus emerging as a regulator of the signaling interchange
between tumor and stromal compartment. In this perspective,
it has been demonstrated that ET-1 is a regulator of tumor
stroma. Indeed, tumor cells produce and secrete ET-1 which
may facilitate tumor stroma remodeling (38, 39). In particular
in many tumor type, including OC, it has been reported that
ET-1 activating the ET-1R, both expressed by fibroblasts isolated
by normal tissues near to cancer tissues, promote their growth,
migration and contraction, as well as the production of ECM
modifying factors (40), suggesting that such cross-talk may take
place through the paracrine release of ET-1 that, fostering the
formation of a prone tumor stroma, participates to create a niche
that support tumor maintenance.

In addition, ET-1 seems to regulate also the immune
environment at different levels, acting on different subclasses of
immune effectors. Indeed, ET-1 appears to modulate dendritic
cells (DC) behavior and activity (41). Moreover, a transcriptional
profile conducted in OC shows that the over-expression of ETgR
is negatively associated to the recruitment of tumor-infiltrating
lymphocytes (TIL), which depends on the ETgR-dependent
reduction of endothelial intercellular adhesion molecule 1
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TABLE 1 | Endothelin-1-induced B-arrestin-1 cooperation with transcription factors in cancer cells.

Transcription factor Biological role Transcriptional effect References

B-catenin/TCF4 Induction of migration, invasion, epithelial-to-mesenchymal transition, chemoresistance, ACTIVATION (21, 22)
vascularization, intravasation, and metastatic progression in ovarian cancer cells

HIF-1a Promotion of pro-tumorigenic behavior in ovarian, prostate and breast cancer cells and ACTIVATION (23, 31, 32)
induction of pro-angiogenic effects in endothelial cells

NFkB Induction of cell survival in ovarian cancer cells ACTIVATION (24)

YAP/TEAD Induction of cell proliferation, survival, and invasion in patient-derived high-grade serous ACTIVATION (33)
ovarian cancer cells and breast cancer cells carrying TP53 mutations

Mutant p53 Promotion of cell proliferation, survival, and invasion in patient-derived high-grade serous ACTIVATION (83)
ovarian cancer cells and breast cancer cells carrying TP53 mutations

NFY Induction of cell proliferation in breast cancer cells carrying TP53 mutation ACTIVATION (39)

(ICAM1) expression. In line with this, ETgR interfering increases
the adhesion of T cells to the endothelium, favoring the homing
of T cells to the tumor (42-44). These observations indicate that
ET-1R potentially may control the ongoing immune response in
the TME.

As above reported, B-arrl acts as an initial activator of the
cross-talk between ET-1R and RTK, including the VEGFR-3 (3).
In addition, both ETgR and VEGFR-3, as well as their associated
ligands, ET-1, VEGF-A, VEGF-C and -D, act as environmental
regulators affecting the blood and lymphatic endothelial cells
(LEC) behavior (45, 46). In detail, it has been proved that ET-
1, mediating ETgR activation and cooperating with hypoxia,
induces the release of pro-angiogenic and lymphangiogenic
factors, as VEGF-A -C -D expression and, in turn promotes
EC and LEC growth and invasion inducing neo-angiogenesis
and lymphangiogenesis (46). More relevant, the dual capacity
of ET-1/VEGF inter-relation of simultaneously influencing the
tumor and the TME emerges also in their ability to control the
mutual regulation between tumor cells, EC, LEC, and hypoxia,
directing at the same time tumor aggressiveness and angiogenic
activities. In the tumor, hypoxia induces ET-1 expression, along
with VEGF-A and -C release, through HIF-1a and HIF-2a (3,
45, 46). The autocrine/paracrine interchange of these angiogenic
factors, promotes tumor progression and morphological changes
in EC and LEC, revealing that such signaling interplay sustains
tumor development in a permissive TME. Considering that
tumor cells, EC and LEC express ETgR and VEGFR-3 as well
as their cognate ligands, and taking into account that p-arrl
may coordinate the cooperation between ETgR- and VEGFR-3-
related pathways (46), it's tempting to speculate that f-arrl may
actively take part also to the ET-1/VEGF-induced bidirectional
communications between LEC, EC, and tumor cells. The above
hypothesis may be further supported by a novel mechanism
by which B-arrl, directly regulating VEGFR-3 signaling and
expression in human microvascular EC from lung, favors the
development of pulmonary arterial hypertension (PAH) (47).
Indeed, it has been reported that p-arrl interferes with VEGFR-3
internalization and degradation, promoting its signaling. In line
with this, B-arr1 knockout mice develop acute PAH that is related
to the loss of VEGFR-3 signaling (47).

For all the above mentioned findings, we can consider
ET-1R/B-arrl system as a complex signaling machinery for

the tumor/endothelial/immune cells input interchange in the
tumor milieu, sustaining angiogenesis, lymphangiogenesis, and
immune system control, thus providing an advantage to cancer
cells to growth and metastasize.

INTERFERING WITH ET-1/g-ARR1
SIGNALING NETWORK FOR NEW
THERAPEUTIC OPTIONS IN OVARIAN
CANCER

In this review, an array of pathophysiological roles for the
B-arrl-mediated pathways upon ET-1R activation in ovarian
cancer is described (Figure 1). Thus, ETAR/B-arr] axis transmits
signals to the nucleus, fostering early and late steps essential
to metastatic progression and drug resistance. Therefore,
besides the complexity of G-protein-mediated signaling (48),
the disruption of the ETaR/B-arrl interaction can impair
several hallmarks of cancer, representing a possible avenue
for therapeutic intervention. The biased agonist that can
transduce ET-1 signaling either through G-protein or f-
arrl leads to the new paradigm of signal-biased antagonists
(49-51). The therapeutic strategy to block ET-1 activities
has evolved in the clinic, mainly for PAH, by using orally
active small molecule antagonists, targeting selectively ETAR
or both ETpR and ETgR. Besides the small molecules, other
chemical compounds have been developed to target ET-1R,
including monoclonal antibody antagonists and selective peptide
agonists and antagonists (51). Different human cancers featured
the benefit of targeting both ETsR and ETgR, in which
ET-1R blockade with the dual ETAR/ETgR small molecule
antagonists represents a suitable therapeutic option for ET-1R-
expressing tumors. Indeed, the dual ET-1R antagonist macitentan
concurrently attack tumor cells, which mainly express ETR,
and TME elements, that express ETgR, increasing anti-tumor
immune and anti-angiogenic effects. In OC, silencing of B-arrl
or macitentan treatment, interfering with the interconnected
pathways, inhibits tumor growth, angiogenesis (23), invasion,
intravasation, and metastatic behavior (25-27), and sensitizes to
platinum-based therapies (3, 22, 23). Additionally, macitentan is
able to sensitize tumor cells to different cytotoxic and targeted
agents in various preclinical tumor models, including colorectal
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attractive target for therapeutic intervention by using dual ET-1R antagonists.

FIGURE 1 | ET-1R/g-arr1 acts as signaling hub regulating several cancer hallmarks via its interaction networks between GPCR and RTK pathways with different
cytosolic, cytoskeletal, or nuclear signaling nodes, including also the control of mutant TP53 (mutp53) oncogenic activity. This knowledge makes ET-1R/B-arr1 an

cancer, glioblastoma, multiple myeloma, breast, and lung brain
metastasis (3, 52-56). Future studies will guide to discover new
biased antagonist with improved clinical profile. In this regard,
the expected results of a phase III study (57, 58), that will explore
the use of the long-acting (half-life of >12h) aprocitentan,
the active metabolite of the macitentan, in treatment-resistant
hypertension, might indicate that a new licensed agent can be
drug repurposed in oncology.

Since P-arr-1-mediated network might take place
concomitantly in EC, LEC, fibroblasts, or in immune cells
contributing to promote tumor progression in a suitable
metastatic niche, future studies should also include reliable
models that can recapitulate the complex TME. Therefore,
the development of a platform of patient derived-preclinical
models, including primary cell cultures, co-cultures with
stromal elements, 3D organoids/tumoroids and patient-derived
xenografts (PDX) is needed. These preclinical models, in

particular those able to mimic the complexity of the TME
landscape, as tumoroids (59), could be pivotal for modeling
primary human tumor ex vivo and for drug screening.
Considering the cancer vulnerability of ET-1R system and the
mechanisms by which ET-1R antagonists synergize with other
compounds (22, 52-56), further exploitation of the potential
therapeutic paradigm of ET-1R blockade in combinatorial
approaches in cancer now merits clinical consideration.

CONCLUSIONS

The ET-1R/B-arrl axis integrates signaling pathways related
to several hallmarks of cancer, entailing tumor cells and
TME elements, thus contributing to tumor growth, metastasis
formation and drug response. Therefore, further insights on the
role of ET-1R/B-arrl axis may favor the development of novel
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effective therapies. In this context, the analysis of ET-1R/p-arrl
expression and fB-arrl interactome in OC and in different cancer
types might be explored. The ability of B-arrl to orchestrate
the signaling network activated by ET-1/ETsR pathway has
been revealed especially in the context of drug resistance that
requires the inception of escape pathways through the interplay
with RTK and other oncogenic nodes. In this context, the
blockade of ET-1R/B-arrl axis, impairing different signaling
cascades overcomes compensatory mechanism of chemotherapy
escape. Considering the complexity of ET-1R/B-arrl-driven
signaling networks, further studies should elucidate whether
combinatorial targeted approaches using dual ET-1R antagonists
with other chemotherapeutic or targeted agents, would enable
overcoming drug resistance. These studies should also advance
our understanding of how ET-1R/B-arrl related functions are
integrated in specific tumor and TME cell types cooperating with
oncogenic drivers or enabling signaling networks to potentiate
tumor progression, metastasis, and drug response.

Additionally, the discovery of new biomarkers predictive
of drug response will allow patient selection and will help
in defining more effective combined treatments. In future
multidisciplinary ~ studies, the integration of genomic,
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The steroid hormones progesterone (P4) and estradiol-178 (E»), produced by the
placenta in humans and the ovaries in rodents, serve crucial roles in the maintenance
of pregnancy, and the initiation of parturition. Because of their critical importance for
species survival, the mechanisms whereby P, and its nuclear receptor (PR) maintain
myometrial quiescence during pregnancy, and for the decline in P4/PR and increase in
E»/estrogen receptor (ER) function leading to parturition, are multifaceted, cooperative,
and redundant. These actions of P4/PR include: (1) PR interaction with proinflammatory
transcription factors, nuclear factor kB (NF-kB), and activating protein 1 (AP-1) bound
to promoters of proinflammatory and contractile/contraction-associated protein (CAP)
genes and recruitment of corepressors to inhibit NF-kB and AP-1 activation of gene
expression; (2) upregulation of inhibitors of proinflammatory transcription factor activation
(IkBa, MKP-1); (3) induction of transcriptional repressors of CAP genes (e.g., ZEB1).
In rodents and most other mammals, circulating maternal P4 levels remain elevated
throughout most of pregnancy and decline precipitously near term. By contrast, in
humans, circulating P4 levels and myometrial PR levels remain elevated throughout
pregnancy and into labor. However, even in rodents, wherein P4 levels decline near term,
P4 levels remain higher than the Ky for PR binding. Thus, parturition is initiated in all
species by a series of molecular events that antagonize the P4/PR maintenance of uterine
quiescence. These events include: direct interaction of inflammatory transcription factors
(e.g., NF-«xB, AP-1) with PR; increased expression of P4 metabolizing enzymes; increased
expression of truncated/inhibitory PR isoforms; altered expression of PR coactivators and
corepressors. This article will review various mechanisms whereby P4 acting through
PR isoforms maintains myometrial quiescence during pregnancy as well as those that
underlie the decline in PR function leading to labor. The roles of P4- and Eo-regulated
miRNAs in the regulation and integration of these mechanisms will also be considered.

Keywords: progesterone, gene regulation, transcription corepressor, inflammation, pregnancy, myometrium,
NF-xB

INTRODUCTION

Preterm birth (<37 weeks gestation), which affects ~15 x 10° births globally each year, is a
major cause of death within the first month of postnatal life (1). The highest rates of preterm
birth (>=15% of all live births) occur in sub-Saharan Africa, Pakistan, and Indonesia. In the
U.S., the preterm birth rate remains at ~10% of all overall live births. However, significant
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racial disparities in preterm birth rates exist, with the incidence of
preterm birth among African-Americans being 50% higher than
that of the overall population. Notably, the underlying causes
for these racial differences remain unknown (2). Astonishingly,
the modalities used to treat and/or prevent preterm labor have
changed little over the past 50 years. This is due, in part, to
our incomplete comprehension of mechanisms that mediate
myometrial quiescence and contractility as well as the reluctance
of pharmaceutical companies to engage in drug discovery in this
critical area.

Throughout pregnancy, myometrial quiescence is controlled
by increased progesterone (Py4), secreted by the placenta and/or
the ovarian corpus luteum, depending upon the species. In
humans, two progesterone receptor (PR) isoforms, PR-A (94
kDa), and PR-B (114 kDa), alternative transcripts of a single gene
(3, 4), mediate P4 action to block myometrial contractility. Both
PR-A and PR-B bind to progesterone response elements (PREs)
in DNA; however, PR-A contains two of three transcriptional
activation domains that are present in PR-B and is, therefore,
less transcriptionally active. Thus, PR-A can repress PR-B
transcriptional activity in a cell- and gene-specific context (5, 6).
PR-A was also found to inhibit PR-B transcriptional activity
in cultured human myometrial cells (7), suggesting a potential
antagonistic role of PR-A on PR-B action in the myometrium.
PR-A and PR-B are differentially regulated in the human
myometrium during pregnancy (8); the ratio of PR-A to PR-B
mRNA (9) and protein (7) was observed to increase significantly
in the myometrium of women in labor when compared to
those not in labor at term. In telomerase-immortalized human
myometrial (WTERT-HM) cells stably expressing either PR-A
or PR-B, P4 treatment had increased anti-inflammatory activity
in PR-B-expressing cells when compared to those expressing
PR-A (10).

As described below, a number of unique and redundant
mechanisms mediate the action of P4/PR to maintain uterine
quiescence. In rodents and most other mammals, circulating
maternal Py levels remain elevated throughout most of pregnancy
and decline sharply prior to parturition (11). This has led to the
concept that labor is associated with P4 withdrawal. By contrast,
in humans and guinea pigs circulating P4 and myometrial levels
of PR fail to decline during late pregnancy and into labor (12).
However, treatment with PR antagonists can cause increased
myometrial contractility, cervical ripening, and/or increased
sensitivity to labor induction by contractile factors (13-16).
Importantly, even in rodents, circulating maternal P4 levels at
term remain well above the equilibrium dissociation constant
for binding to PR (17). Moreover, in rodents, local metabolism
of P4 within the cervix and myometrium to inactive products
near term is essential for the normal timing of parturition.
Thus, in mice deficient in 5a-reductase type I (expressed in
cervix) (18, 19) or 20a-hydroxysteroid dehydrogenase (20c-
HSD, expressed in myometrium) (20) parturition is severely
delayed. Collectively, these findings have led to the concept
that parturition in all placental mammals is initiated by a
conserved sequence of molecular events that impairs the capacity
of the PR to maintain uterine quiescence. These include: (1)
direct interaction of transcription factor nuclear factor kB

(NF-kB) with PR; (2) upregulation of P4 metabolizing enzymes
within the uterus and cervix; (3) increased expression of
truncated/inhibitory PR isoforms; (4) altered expression of key
PR-interacting coactivators and corepressors. This article will
review the various mechanisms whereby P4 acting through PR
isoforms maintains myometrial quiescence during pregnancy as
well as those that underlie the decline in PR function leading
to parturition.

PARTURITION IS ASSOCIATED WITH AN
INCREASED INFLAMMATORY RESPONSE

Term and preterm parturition is initiated by an enhanced
inflammatory response, increased levels of proinflammatory
cytokines in amniotic fluid (21) and the invasion of the
fetal membranes, cervix and myometrium by neutrophils
and macrophages (M¢) (22-24) (Figure1). The secretion
of cytokines and chemokines by the invading immune cells
(26) cause activation of NF-kB and other inflammation-
associated transcription factors (e.g., AP-1) (23, 27-30).
These activated transcription factors promote increased
expression of myometrial proinflammatory [e.g., interleukin
(IL)-1B, IL-8] and contractile/CAP [connexin-43 (CX43/GJAl),
oxytocin receptor (OXTR), and cyclooxygenase 2 (COX-
2/PTGS2)] genes, leading to parturition (31-34). Whereas,
intra-amniotic infection associated with chorioamnionitis
can provide the stimulus for the inflammatory response
leading to preterm labor (35), signals from both mother and
fetus provide critical inflammatory stimuli leading to labor
at term.

Increased Mechanical Stretch of the
Uterus Results in Production of
Chemokines, Enhanced Immune Cell
Invasion, and Proinflammatory Signaling
Leading to Labor

Near term, enhanced uterine stretch caused by the growing
fetus provides an important stimulus for the initiation of labor
(36, 37) (Figure 1). The increased incidence of preterm birth
in twin and multiple, as compared to singleton, pregnancies
implicates uterine over-distension as a causative factor (38).
The expression of the B-chemokine, monocyte chemoattractant
protein-1/C-C motif ligand 2 (MCP-1/CCL2), which attracts
and activates M¢, was found to be upregulated in the term
pregnant myometrium of women in labor, as compared to
myometrium from women not in labor (39) and of pregnant
rats prior to and during parturition (36). In pregnant rats
carrying pups only in one uterine horn, increased MCP-1
expression was observed only in the gravid horn, implying
the potential role of the fetus and/or of uterine stretch
(36) in the induction of MCP-1 expression. Furthermore,
the findings that MCP1 expression and M¢ infiltration were
greatly increased in the pregnant rat uterus with preterm
labor induction by the PR antagonist, mifepristone/RU486,
and inhibited by progestin treatment to delay parturition (36)
suggests a role of P4/PR in MCP-1 regulation. Preterm labor
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FIGURE 1 | Labor at term or preterm is associated with an inflammatory response. Near term, signals from the fetus (e.g., increased surfactant lipoprotein secretion,
increased placental CRH, cortisol, and estrogen) and mother (e.g., uterine stretch with increased chemokine production, increased estrogen receptor signaling), cause
increased immune cell invasion of the fetal membranes, decidua, and myometrium. At preterm, immune cell invasion is stimulated by ascending infection associated
with chorioamnionitis as well as increased uterine stretch in twin or multi-fetal pregnancies. The invading immune cells produce proinflammatory cytokines that cause
activation of inflammatory transcription factors, such as NF-kB and AP-1, which promote activation of proinflammatory and CAP gene expression and a decline in PR
function, caused by a decrease in coactivators and increased expression of PR-A and other truncated PR isoforms. The decline in PR function results in decreased
ZEB1 expression, with increased expression of contractile genes (OXTR and CX43) and miR-200 family members and decreased expression of the miR-199a/214
cluster. The increase in miR-200s suppress their targets ZEB1/2 and STAT5b and increase local P4 metabolism via upregulation of 20a-HSD. The decrease in
miR-199a/214 results in upregulation of their target, COX-2, and an increase in synthesis of contractile prostaglandins. These events culminate in an increase in
myometrial contractility leading to parturition. Modified from Mendelson et al. (25).

was induced in non-human primates by intrauterine balloon  Increased Estrogen Receptor Signaling
inflation, in association with increased expression of IL-6, Contributes to the Inflammatory Response
IL-8, and CCL-2 in the myometrium (40). Thus, enhanced Leading to Parturition

inflammation associated with mechanical stress contributes to . . . - . .
Across mammalian species, an increase in circulating estradiol-

the initiation of term and preterm labor. In studies using human 178 (E,) (43, 44) and/or myometrial estrogen receptor o (ERq)
myometrial smooth muscle cells in culture, IL-18 and TNFa activity (9, 45) precedes the increase in uterine contractility near
induced expression of MCP-1 and other chemokines; this was  term (Figure 1). Estrogens induce migration of immune cells to
blocked by an inhibitor of the NF-kB signaling pathway (41).  the uterus and antagonize anti-inflammatory actions of P4/PR (9,
Likewise, in human choriodecidual and breast cancer cells,  46). Moreover, ERa activation enhances transcription of the CAP
MCP-1 was stimulated by NF-kB activation and inhibited by  genes, OXTR (47), CX43 (48), and COX-2 (9), and the resulting
P4/PR (42). synthesis of prostaglandins that increase myometrial contractility
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(49-51). These actions of estrogen may be mediated, in part,
through interaction of ERa and p160 coactivators with the AP-
1 transcription factors Fos and Jun at AP-1-regulated promoters,
resulting in an increase in AP-1 transcriptional activity (52).

Interestingly, we observed that ERa is a direct target
of the microRNA, miR-181a, which significantly declines in
mouse myometrium near term and in term myometrial tissues
from women in labor, compared to those not-in-labor (53).
Furthermore, E, treatment inhibited miR-181la expression in
uteri of ovariectomized mice and in human myometrial cells in
primary culture. This revealed the presence of a feedback loop,
wherein increased circulating E, near term causes suppression
of miR-181a, resulting in upregulation of ERa with further
downregulation of miR-181a (53). In human myometrial cells,
overexpression of miR-181a mimics repressed TNFa, CCL-2 and
CCL-8 expression, while expression of the anti-inflammatory
cytokine, IL-10, increased (53). TNFo was confirmed as a direct
target of miR-181a, while CCL-2 and CCL-8 are predicted
targets of this miRNA (53). c-Fos, which increases in pregnant
rat (54) and mouse (53) myometrium during late gestation
and into labor, was validated as a target of miR-181a in
dendritic cells (55). These collective findings suggest that,
from early through mid-gestation, relatively low E,/ERa levels
allow increased expression miR-181a in myometrium, which
represses ERa, c-FOS, TNFa, and several other proinflammatory
cytokines, and increases the expression of anti-inflammatory
cytokines. Moreover, near term increased circulating levels of E;
inhibit miR-181a, which allows the upregulation of its targets,
ERa, TNFaq, other proinflammatory cytokines, and transcription
factor, c-FOS. In turn, ¢-FOS mediates the proinflammatory
effects of E;/ERa and cytokines, which activate CAP genes and
lead to labor.

We also previously observed that in concert with the
increased expression of the miR-200 family in pregnant mouse
myometrium between 15.5 days post-coitum (dpc) and term
(18.5 dpc and in labor) (56), there was a decline in the expression
of the miR-199a/miR-214 cluster of miRNAs (57) (Figure 2).
This was mediated by increased E,/ERa and the decrease in
PR function, which inhibited expression of transcription factor
ZEB1, a positive regulator of miR-199a/miR-214 transcription
(57, 58). Of note, miR-199a-3p and miR-214 directly target
COX-2, which increases in the myometrium near term and
during labor. Therefore, stimulatory effects of E; on COX-2
expression (50) are likely mediated, in part, by its inhibition
of miR-199a-3p/miR-214. Since miR-181a targets both ERa and
cFOS (53), we suggest that the coordinate decline in miR-
181a and miR-199a-3p/214 in the myometrium toward term
mediates the induction of COX-2 expression via indirect and
direct mechanisms.

The Fetus Produces Signaling Molecules
for the Initiation of Parturition

The fetus has been proposed to contribute to the initiation of
parturition through the production of signaling molecules from
its adrenals, placenta and lungs.

Cortisol Production by the Fetal Adrenal

In sheep, increased cortisol production by the fetal adrenal has
been implicated in the initiation of parturition via the activation
of placental COX-2 and production of prostaglandins (59).
The prostaglandins, in turn, stimulate 17a-hydroxylase/17,20
lyase (CYP17) expression, resulting in increased placental
production of Cjg-steroids, which are metabolized to estrogens
by placental aromatase P450 (CYP19). The increased estrogens
may antagonize PR function (12) and upregulate CAP gene
expression via the mechanisms described above. The surge of
fetal cortisol also promotes fetal lung maturation and synthesis
of surfactant components (60), which, as described below, also
serve as fetal signals for the initiation of labor.

Corticotropin-Releasing Hormone (CRH)

In humans, the placenta lacks the capacity to express CYP17
and produce Cjg-steroids, which are instead synthesized in
large quantities by the fetal adrenals (61). However, the human
placenta is unique in its ability to secrete CRH (62), which
is produced in increasing amounts near term and has been
suggested to provide a fetal signal for the initiation of parturition
(63, 64). Fetal placental CRH is proposed to upregulate secretion
of adrenocorticotropic hormone (ACTH) by the fetal pituitary,
which stimulates production of cortisol and the Cjg-steroid,
dehydroepiandrosterone sulfate (DHEAS), by the fetal adrenals.
DHEAS is subsequently metabolized within the placenta to
estrogens, which, as mentioned, mediate inflammatory signaling
leading to labor. CRH mRNA is also expressed at high levels in
the bronchiolar epithelium of 13.5-17.5 dpc fetal mouse lung
(65). It has been suggested that CRH may act directly within
the fetal lung to promote synthesis of the major surfactant
protein, surfactant protein (SP)-A. Accordingly, in CRH null
mouse fetuses of CRH-deficient mothers, lung maturation and
induction of SP-A expression were found to be delayed (66).
Thus, CRH may act directly within the fetal lung to stimulate
the production of surfactant components, and/or to increase fetal
ACTH and adrenal cortisol production to enhance fetal lung
development and surfactant synthesis. Accordingly, as described
below, augmented surfactant production by the maturing fetal
lung likely serves as an important fetal signal for the initiation
of labor.

Surfactant Components Secreted by the Fetal Lung

Increased production of pulmonary surfactant components
by the maturing fetal lung is proposed to signal the
initiation of parturition (23, 67-70). Lung surfactant is a
glycerophospholipid-rich surface-active lipoprotein produced
specifically by type II cells of the pulmonary alveoli, which acts
to reduce surface tension at the alveolar air-liquid interface after
birth. Surfactant synthesis by the developing lung is initiated
after ~85% of gestation is complete. Consequently, premature
infants born prior to this time are at risk of developing
respiratory distress syndrome due to surfactant deficiency.
Dipalmitoylphosphatidylcholine (DPPC) is the major surfactant
glycerophospholipid and most surface-active component.
Approximately 10% of surfactant composition is comprised
of the essentially lung-specific proteins SP-A, SP-B, SP-C, and
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PREGNANCY TRANSITION TO LABOR
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FIGURE 2 | Opposing actions of P4 and E, on myometrial contractility during pregnancy and labor are mediated by ZEB1 and ZEB2 and miRNAs. During pregnancy,
increased P,/PR function causes the induction of ZEB1, which in turn inhibits expression of the miR-200 family and CAP genes and enhances expression of
miR-199a-3p and miR-214, which cause suppression of their target, COX-2. Decreased levels of miR-200 family members cause a further increase in ZEB1 and
enhance ZEB?2 as well as STAT5b, which suppresses 20a-HSD expression to maintain increased tissue levels of P4. During the transition to labor, the decrease in
P4/PR and increase in Ex/ER function cause a decline in ZEB1. This allows for the upregulation of miR-200 family expression, causing further suppression of ZEB1
and inhibition of ZEB2 as well as STAT5b. The decrease in STATSb allows upregulation of 20a-HSD and increased local metabolism of P4 to inactive products, further
reducing PR function. The decline in ZEB1/2 allows upregulation of CAP genes and causes a decrease in miR-199a/-214 expression, which allows for the induction of
COX-2 and production of contractile prostaglandins. Collectively, these events culminate in parturition. Reproduced from Renthal et al. (58).

SP-D (71, 72). SP-B and SP-C are lipophilic peptides produced  glycerophospholipids after ~85% of gestation is complete
from larger precursors. SP-B serves an essential role, together  (80). Consequently, SP-A serves as a relevant marker of fetal lung
with DPPC, in the reduction of alveolar surface tension (71, 73).  maturity and surfactant production. SP-A expression in mouse
SP-A and SP-D serve as C-type lectin components of the innate  fetal lung and its secretion into amniotic fluid are upregulated
immune system (74) that enhance the uptake of a variety of at 17.5 dpc and continue to increase toward term (19.5 dpc)
microbes by M¢ (74-77). (23, 81, 82). This is temporally associated with increased
The role of surfactant components in the initiation of  proinflammatory cytokine production by amniotic fluid M¢,
parturition was first suggested by the finding that surfactant  their migration to the maternal uterus and the activation of
isolated from human amniotic fluid stimulated prostaglandin  uterine NF-kB (23). In studies using Rosa 26 Lac-Z mice, we
synthesis in amnion discs (67). It was proposed that amniotic ~ observed that fetal M¢ migrated to the maternal uterus with
fluid surfactant phospholipids provide a source of arachidonic ~ the induction in SP-A expression by the fetal lung during
acid as a substrate for synthesis of contractile prostaglandins.  late gestation. Moreover, an intra-amniotic injection of SP-A
Others suggested that a substance in human amniotic fluid caused preterm delivery of fetuses, and was associated with the
secreted in urine from the fetal kidney enhanced PGE,  activation of uterine NF-kB within 4.5 h. Conversely, injection of
production by human amnion cells (78); however, this an SP-A antibody or NF-kB inhibitor into amniotic fluid delayed
amniotic fluid “substance” is likely derived from the fetal labor by >24h (23). These findings suggested that enhanced
lung. Accordingly, Johnston and colleagues (79) suggested  SP-A secretion by the fetal lung near term causes activation
that platelet-activating factor (PAF), a potent proinflammatory ~ and migration of fetal AF M¢ to the maternal uterus, where
phospholipid secreted into amniotic fluid with fetal lung increased cytokine production activates NF-kB and a signaling
surfactant near term, may enhance myometrial Contractﬂity cascade, leading to labor. It should be noted that studies using
leading to labor. Our laboratory has obtained extensive evidence  laser capture of limited numbers of CD68" or CD14" (M¢
for the roles of fetal lung SP-A and PAF as key fetus-derived =~ markers) cells from the superficial portion of the myometrium
inflammatory signals for the initiation of parturition (23, 69, 70).  from women carrying a male fetus at term failed to identify fetal
mononuclear cells (83). Moreover, incubation of human amnion

SP-A and Toll-like receptor 2 (TLR2) disks with SP-A resulted in upregulation of anti-inflammatory
In all species studied, synthesis of SP-A by the fetal cytokines and cytokine receptors (84). However, SP-A can
lung is developmentally upregulated with surfactant have both pro- and anti-inflammatory actions depending upon
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the cellular environment, as well as the receptor to which it
binds (85).

To further study the roles of SP-A, the related C-type
lectin, SP-D, and their putative receptor, TLR2 (86-89), in
the initiation of parturition, we utilized gene-targeted mice.
In first pregnancies, SP-A~/~ and SP-A~/~/SP-D~/~ female
mice bred to genetically like males delivered at term (19.5
dpc). However, in subsequent pregnancies, these gene-targeted
mice manifested a ~12h delay in parturition, associated with
significantly reduced levels of myometrial Cx43, Oxtr, IL-1f,
and IL-6 mRNA at 18.5 dpc compared to wild-type (WT) mice
(69). We postulated that the parturition timing difference in
the deficient mice in first vs. second pregnancies was due to
the dominant role of uterine mechanical stretch as a signal
for parturition (36, 37, 90) in first pregnancies. However, in
subsequent pregnancies, prior adaptation of the uterus to stretch
(91) may allow other signals (e.g., surfactant proteins) to play a
more significant role. TLR2~/~ females manifested a significant
delay (~12h) in parturition timing during first pregnancies, as
well as reduced expression of CAP genes and the M¢ marker,
F4/80, in myometrium at term compared to WT (69). F4/80" AF
Mds from TLR2™/~ and SP-A/D~/~ mice expressed significantly
lower levels of both pro-inflammatory and anti-inflammatory
activation markers, compared to those of gestation-matched WT
mice (69). These findings suggested that SP-A and SP-D act via
TLR2 on fetal-derived M¢ to modulate parturition timing; their
impact may depend upon parity.

Roles of SRC-1 and SRC-2 in production of fetal signals
leading to labor

Previously, we observed that the pl160 family members (92),
steroid receptor coactivators, SRC-1, and SRC-2/TIF-2, are
critical for transcriptional upregulation of SP-A gene expression
in fetal lung type II cells (93-95). SRCs do not bind to DNA
directly; however they regulate gene transcription by interacting
with steroid receptors and other transcription factors and by
recruiting other coregulators with histone-modifying activities
(92, 96) to alter chromatin structure (97). Notably, gene-targeted
mice that are singly-deficient in Src-1, Src-2, or Src-3 manifest
various reproductive phenotypes (96). Importantly, mice that
were double-knockout (dKO) for Src-1 and Src-2 died at birth
from respiratory distress (98), which is indicative of lung
surfactant deficiency. This observation was of great interest to
us, considering the critical roles of SRC-1 (94) and SRC-2 (93)
in SP-A expression.

To characterize these mice further, we crossed Src-11/~/Src-
27/~ (Src-1/-2 dhet) males and females. Remarkably, they
manifested severely delayed parturition (~38h). This
parturition delay occurred with significant reductions in
NF-kB activation, as well as decreased expression of Oxtr,
Cx43, PGF,a synthase/Akr1b3 and levels of the contractile
prostaglandin, PGF,a, in the maternal myometrium. The
decrease in myometrial PGF,a was associated with impaired
luteolysis and elevated circulating P4 (70). Notably, parturition
timing was normal in Src-1-KO females and in Src-2+/~ females
bred to genetically like males, revealing that Src-1/-2 double-
deficiency is requisite for the delay in parturition. Importantly,

WT females bred to Src-1/-2 double-deficient males exhibited
a parturition delay equivalent to that observed in our crosses
of Src-1/-2 double-deficient males and females, with decreased
myometrial NF-kB activation and CAP gene expression and
elevated circulating P4. These findings indicated that the
defect responsible for delayed parturition with Src-1/-2 double
deficiency was fetal in origin. Because of the importance of fetal
lung SP-A production in the timing of parturition, it was of great
interest that SP-A levels were significantly reduced in the lungs
and amniotic fluid of fetuses doubly deficient in Src-1 and Src-2
when compared to WT. On the other hand, levels of SP-A in
lungs and amniotic fluid of Src-1 or Src-2 singly deficient fetuses
were similar to WT.

Clearly, the increase in gestation length in mice carrying Src-
1/-2 doubly deficient fetuses (~38h) was significantly greater
than what we observed in SP-A-deficient and in SP-A/SP-D
double-deficient mice (~12h). This suggested that signaling
molecules, other than SP-A and SP-D, were affected by double-
deficiency of Src-1 and Src-2. As noted, Src-1/-2 dKO mice
succumbed at birth to alveolar collapse/atelectasis (98), and
this suggested that surfactant glycerophospholipids may also be
altered. In this regard, we found that amniotic fluid levels of
the major and most surface-active surfactant component, DPPC,
were significantly reduced in Src-1/-2 dKO fetuses compared to
WT (70).

We also considered the role of the glycerophospholipid, PAF,
which is proinflammatory, produced by the developing fetal
lung together with surfactant lipids and SP-A and secreted into
amniotic fluid near term. PAF, which activates leukocytes and
stimulates their migration, was suggested to contribute to the
initiation of term and preterm labor (68, 79, 99-101). PAF also
directly stimulated the contraction of myometrial strips (102-
106). Intriguingly, we observed that PAF levels in fetal lungs
and amniotic fluid of SRC-1/-2 double-deficient mice failed to
increase toward term and were significantly reduced, compared
to WT fetuses or those singly deficient in Src-1 or Src-2.

Since both DPPC and PAF levels were significantly
decreased in the amniotic fluid of Src-1/-2 double-deficient
fetuses, we searched for glycerophospholipid metabolizing
enzymes that might coordinately regulate the synthesis of
both of these molecules. In so doing, we discovered that
lysophosphatidylcholine acyltransferase 1 (Lpcatl), which
serves a key role in the deacylation/reacylation of the sn-2
position of both DPPC and PAF to make the surface-active
and pro-inflammatory molecules, respectively (107-109), was
significantly decreased in lungs of Src-1/-2 double-deficient
fetuses compared to WT (70). Lpcatl was previously found
to be expressed specifically in mouse lung type II cells,
developmentally-induced in fetal lung toward term, and
stimulated by glucocorticosteroids (108). The role of Lpcatl in
surfactant synthesis by the developing lung was supported by
the finding that mice carrying a hypomorphic allele of Lpcatl
manifested atelectasis at birth and a deficiency in surfactant
DPPC (107). Notably, the gestational increase of Lpcatl was
blocked in lungs of Src-1/-2 double-deficient fetuses. Further, PAF
or SP-A injection into the AF at 17.5 dpc rescued the parturition
delay, enhanced uterine NF-«kB activation and CAP gene

Frontiers in Endocrinology | www.frontiersin.org

87

October 2019 | Volume 10 | Article 714


https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org
https://www.frontiersin.org/journals/endocrinology#articles

Mendelson et al.

Multifactorial Regulation of Myometrial Contractility

expression and promoted luteolysis in Src-1/2-deficient mice
(70). These collective findings further demonstrate the role of the
fetal lung in producing signals for the initiation of labor when
surfactant production is increased, and that SRC-1/2 coactivators
serve crucial roles through enhanced production of SP-A and
PAF (Figure 3).

P4/PR MAINTAINS MYOMETRIAL
QUIESCENCE VIA CONCERTED
MECHANISMS

As described below, P4/PR maintains myometrial quiescence
through a number of cooperative mechanisms. These include:
(1) inhibiting transcriptional activity of the pro-inflammatory
transcription factors, nuclear factor kB (NF-kB) (110) and
activating protein 1 (AP-1) (111), via direct interaction and
recruitment of corepressors (10, 111, 112); (2) inducing inhibitors
of proinflammatory transcription factor activation (IxBa, MKP-
1) (110, 113-115); (3) upregulating expression of transcriptional
repressors of CAP genes (e.g., ZEB1) (56, 116) (Figure 4).

P4/PR Has Anti-inflammatory Actions in

the Myometrium

We (110, 114, 117) and others (46, 118-120) have obtained
compelling evidence that P4/PR maintains myometrial
quiescence through its action to block inflammation (Figure 4).
Using hTERT-HM cells, we observed that P4/PR serves an
anti-inflammatory role by antagonizing the activation of
NF-kB and preventing the induction of COX-2 (117, 121),
proinflammatory cytokines (10) and CAP genes (56). Using
chromatin immunoprecipitation (ChIP), we found that P4
treatment of the hTERT-HM cells prevented interleukin-1
(IL-1)-induced binding of endogenous NF-kB p65 to NF-kB
response elements in the COX-2 and IL-8 promoters (10, 110).
The P4-mediated inhibition of proinflammatory and CAP
gene transcription may be caused, in part, by the direct
binding of PR to p65 (122) to inhibit NF-kB DNA-binding and
transcriptional activity.

P4/PR can also block NF-kB activation and inflammation
by increasing the expression of IkBa, which sequesters NF-kB
in the cytoplasm and prevents its activation (110) (Figure 4).
P4 treatment of hTERT-HM cells rapidly induced expression
of IkBa, which preceded the effect of P4 to inhibit IL-1B-
induced COX-2 expression (110). Moreover, P4 blocked the IL-
1B-mediated decrease in IkBa protein, which suggested P4/PR
inhibition of the proteasome pathway (123). Consequently, more
NEF-kB remains sequestered in the cytoplasm in an inactive state.
Progesterone inhibition of NF-kB activation by upregulation of
IkBa has also been reported in M¢ (124) and breast cancer
(113, 125) cell lines. The anti-inflammatory actions of P4/PR
were further mediated by the upregulation of the mitogen-
activated protein kinase (MAPK) inhibitor, MAPK phosphatase-
1/dual specificity phosphatase 1 (MKP-1/DUSP1) (114, 115).
Inhibition of MAPK, in turn, inhibits activation of NF-kB and
AP-1 (126-128).

PR Inhibits Proinflammatory and CAP
Gene Expression by Recruitment of

Corepressors

To define the mechanisms whereby P4 inhibits proinflammatory
and CAP gene expression in the myometrium, we analyzed
the capacity of PRyt vs. various PR mutants to mediate Py
inhibition of proinflammatory gene expression in hTERT-HM
human myometrial cells. These included a sumoylation mutant,
a hinge domain mutation to prevent PR dimerization, and
mutations of three amino acids in the DNA-binding domain
(DBD). We observed that mutation of the PR-DBD had the most
profound effect to prevent Py-inhibition of proinflammatory
genes (10). Consequently, P4-mediated transrepression was
significantly reduced in cells stably expressing a PR-A or
PR-B DNA-binding domain mutant (PRyppp), compared to
cells expressing PRyT. ChIP analysis of the hTERT-HM cells
revealed that P4/PRwr transrepressive activity was associated
with P4-induction of PR recruitment and inhibition of NF-
kB p65 and RNA Pol II recruitment to an NF-kB response
element in the COX-2 and IL-8 promoters. Importantly, in
response to P4 treatment, equivalent recruitment of PRyt and
PRypep to COX-2 and IL-8 promoters was observed. This
suggested that the inhibitory effects of P4/PR on COX-2 and
IL-8 expression were not mediated by direct DNA binding, but
most likely by tethering to NF-kB. This led us to postulate
that nuclear proteins interacting with the PR-DBD may mediate
transrepression by P4/PR. Using immunoprecipitation, followed
by mass spectrometry, we identified proteins that interacted
strongly with PRwr and weakly with the PRppp mutants.
Among these was the transcriptional repressor, GATA Zinc
Finger Domain Containing 2B (GATAD2B), which interacted
with the PR-DBD and was required for P4/PR suppression of
proinflammatory and CAP gene expression (10). Accordingly, P4
treatment of PRyt hTERT-HM cells increased recruitment of
endogenous GATAD2B to COX-2 and IL-8 promoters, whereas,
siRNA knockdown of endogenous GATAD2B significantly
reduced P4/PRwr transrepression of COX-2 and IL-8. Notably,
GATAD?2B expression decreased significantly in pregnant mouse
and human myometrium during labor (10). Together, our
findings suggest that GATAD2B serves as a novel mediator of
P4/PR suppression of proinflammatory and CAP genes during
pregnancy. Thus, the decline in GATAD2B expression near term
may contribute to the loss of PR function leading to labor.

The induction of CX43 expression by proinflammatory
stimuli in the pregnant myometrium is mediated, in part,
by increased transcriptional activity of members of the AP-
1 family, which comprises Fos/Jun heterodimers or Jun/Jun
homodimers. Fos/Jun heterodimers were found to be strong
inducers of CX43 expression compared to Jun/Jun homodimers,
which were relatively weak (129). P4 acting through PR-B was
found to repress CX43 expression by recruiting inactive Jun/Jun
homodimers and the P54™™®/Sin3A/HDAC corepressor complex
to the CX43 promoter (130). Near term, it was suggested
that the increased metabolism of P4 by 20a-hydroxysteroid
dehydrogenase (20a-HSD) in myometrium (131) and an
inflammation-induced increase in the PR-A/PR-B ratio (8, 132,
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FIGURE 3 | Transcriptional upregulation of the genes encoding SP-A and LPCAT1 in the fetal lung initiates a signaling cascade from fetus to mother that contributes to
the initiation of parturition. Toward term, there is increased activation and binding of key transcription factors (e.g., thyroid transcription factor 1 and NF-kB) to response
elements upstream of the SP-A gene, and of the glucocorticoid receptor (GR) to response elements upstream of the LPCATT gene. These bound transcription factors
recruit SRC-1 and SRC-2 to the promoters of these genes, resulting in increased SP-A and LPCAT1 expression and the secretion of SP-A and PAF into amniotic fluid.
These immune modulators activate immune cells that migrate into fetal membranes, decidua, and myometrium to increase production of proinflammatory cytokines
leading to an activation of inflammatory transcription factors (e.g., NF-kB and AP-1). This contributes to the decline in PR function, with increased contractile (CAP)
gene expression and synthesis of PGFaa, which circulates to the ovary to inhibit steroidogenic acute regulatory protein (StAR), promote luteolysis and cause a decline

in circulating P4. The decrease in P4/PR function causes further upregulation of CAP gene expression and culminates in labor. Reproduced from Gao et al. (70).

133) caused PR-A to become free of ligands. The unliganded PR is
then proposed to recruit relatively active Fra2/JunD heterodimers
(129, 130), resulting in the activation of CX43 expression. This
switch may allow transformation of PR-A to an activator of
CX43 expression.

P4/PR Maintains Myometrial Quiescence

via Induction of ZEB1/2 and STAT5b

ZEB1 and ZEB2

Our findings reveal that P4/PR maintains myometrial quiescence,
in part, by the induction of the zinc finger E-box-binding
transcriptional repressor, ZEB1/TCF8/8EF1 (Figure 4), which
binds to promoters of the CAP genes, OXTR, and CX43 and
the gene encoding members of the miR-200 family and represses
their expression. Downregulation of miR-200s promotes further
upregulation of ZEB1 and the related transcription factor,
ZEB2/SIP2 (56) (Figure2). Zebl was found to be expressed
highly in mouse myometrium (116) and to be upregulated by
P4/PR (134). We observed that the expression of Zebl and Zeb2
was elevated in myometrial tissues of 15.5 dpc pregnant mice
and decreased precipitously toward term with the decline in
circulating P4 and in PR function (56). Conversely, treatment

of pregnant mice with RU486 or with the bacterial endotoxin,
lipopolysaccharide (LPS), to induce preterm labor (56) caused
significant inhibition of Zeb1/2 expression. ZEB1 and ZEB2 levels
also were decreased in term myometrial tissues from women
in labor, vs. tissues from women not in labor at term (56).
ChIP-qPCR analysis of pregnant mouse myometrium revealed
that endogenous Zebl bound to E-box-containing regions of
the mouse Cx43 and Oxtr promoters at relatively high levels
at 15.5 dpc and declined markedly at term (56). Importantly,
ZEB1 overexpression in human myometrial hTERT-HM cells
caused a pronounced inhibition of OXTR and CX43 mRNA
levels and blocked oxytocin-induced contraction of these cells
using an in vitro contraction assay (56). Thus, the decrease in
Zebl expression and binding to CAP gene promoters toward
term likely promoted upregulation of OXTR and CX43 leading
to parturition.

To further assess the effects of P4 on Zeb expression, timed-
pregnant mice were injected with P4 or vehicle daily between
15.5 and 18.5 dpc. P4 treatment, which delayed labor, caused a
significant upregulation of Zeb1 and inhibited myometrial CX43
and OXTR gene expression, compared to vehicle injected mice. A
similar inductive effect of P4 on ZEBI expression was observed in
cultured T47D breast cancer cells. The stimulatory effect of P4 on
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FIGURE 4 | Mechanisms whereby P4/PR maintains myometrial quiescence during pregnancy. Multiple mechanisms mediate effects of P4/PR to suppress
proinflammatory and CAP gene expression in the myometrium. As shown in the upper left, P4/PR exerts anti-inflammatory effects by tethering to NF-kB p65 bound to
NF-kB response elements (NF-kBRE) within the promoters of proinflammatory and CAP genes. This stimulates the recruitment of corepressors, such as GATAD2B.
Similar mechanisms are believed to occur at AP-1 sites upstream of CAP gene promoters, whereby PR interacts with FOS/JUN and recruits corepressors, such as
P547/Sin3A/HDAC. As shown in the upper right, P4/PR inhibits NF-«B activation and proinflammatory and CAP gene expression in myometrium by binding to the
IkBa promoter and enhancing IkBa expression. The increased cytoplasmic levels of IkBa interact with NF-kB to block its activation and translocation to the nucleus.
P4/PR also exerts anti-inflammatory effects in myometrium by binding to the MKP1/DUSP1 promoter to increase its expression and prevent MAPK activation,
resulting in the inhibition of NF-kB and AP-1 activity. As shown in the lower panel, P4/PR blocks CAP gene expression by binding to the ZEBT promoter and
enhancing its expression. The increased levels of ZEB1 bind to the promoters of CAP genes to inhibit their expression, activates expression of the miR-199a/-214
cluster to inhibit expression of their target, COX-2, and inhibits miR-200 expression, leading to further induction of ZEB1 and ZEB2 as well as STAT5b, causing
suppression of 20a-HSD and increased local P4 accumulation. Modified from Renthal et al. (58).

ZEB1 expression was mediated at the level of gene transcription  as well as contraction-associated genes. The decrease in miR-
by the direct binding of PR to response element(s) within the 200 expression further upregulates ZEB1 and increases the
ZEBI promoter (56). Notably, ZEB2 is not directly regulated by = expression of ZEB2. Near term, the decline in circulating
P4/PR (56). P, and/or PR function causes the downregulation of ZEBI
ZEB1 and ZEB2 are directly targeted by all five members  expression, and consequent upregulation of the miR-200 family,
of the highly conserved miR-200 family (135-138), which  further suppressing ZEB1 and ZEB2. This de-represses CAP gene
significantly increase in mouse and human myometrium toward  expression, resulting in increased uterine contractility and labor
term and in labor, in association with the decline in ZEB1  (Figure 2).
and ZEB2 expression (56). ZEB1 and ZEB2 also negatively In parallel with our discovery of the gestational upregulation
regulate miR-200 expression. Accordingly, ZEB1/2 and miR-  of the miR-200 family, we found that the conserved miR-
200s exist in a hormonally-regulated negative feedback loop  199a/-214 cluster was significantly downregulated in mouse
(135-138). Thus, during pregnancy, elevated P4/PR increases = myometrium near term (56, 57), and in myometrial biopsies
the expression of ZEB1, which suppresses the miR-200 family,  from women in-labor, compared to those not-in-labor at
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term (57). The miR-199a/-214 cluster, comprised of miR-
199a-5p, miR-199a-3p, and miR-214, are encoded within a
6-kb anti-sense transcript of the Dynamin3 gene (Dnm3os),
which is highly expressed in pregnant uterus (139). We
observed that E; treatment of ovariectomized mice suppressed,
whereas P4 enhanced, uterine miR-199a-3p/-214 expression (57).
Interestingly, these opposing hormonal effects were mediated by
ZEBI, which, as described above, is induced by P4 (56, 116)
and inhibited by E, (57). ZEBI1 binds directly to the miR199a/-
214 promoter to activate its transcription (57) (Figure 2).
Importantly, miR-199a-3p and miR-214 both target the mRNA
for COX-2 (57, 140). Thus, miR-199a-3p and miR-214 maintain
uterine quiescence by suppressing the synthesis of contractile
prostaglandins. These collective findings revealed the intriguing
central role of ZEBI as an inhibitor of the miR-200 family and
an inducer of the miR-199a/-214 cluster, which are oppositely
regulated by P4 and E, (Figure 2).

Signal Transducer and Activator of Transcription
(STAT)5b

Increased local metabolism of P4 to inactive products near term
in the uterus and cervix has been suggested to contribute to
the decline in PR function that is crucial for the initiation
of parturition in all mammals (19, 141-144). The finding
that mice with a deletion of the gene encoding the Py-
metabolizing enzyme, 20a-hydroxysteroid dehydrogenase (20a-
HSD), manifested a significant delay in the timing of parturition,
indicates its important role (20). In myometrium of pregnant
women at term, a pronounced decrease in the ratio of P4 to
20a-dihydroprogesterone (20a-OHP), an inactive metabolite of
P4 generated by 20a-HSD, were observed (144). In the course of
our studies, we discovered that miR-200s directly target the Py4-
induced transcription factor STATS5b (131), which is a negative
regulator of 20a-HSD in reproductive tissues (20, 145). Thus,
the upregulation of miR-200 expression in mouse myometrium
near term and in human myometrium during labor (56) was
associated with suppression of STAT5b and induction of 20a-
HSD (131). In contrast, throughout most of pregnancy, increased
P4 levels upregulate ZEB1 and inhibit miR-200 expression in the
myometrium (56). This, in turn, allows upregulation of STATS5b,
which inhibits 200-HSD expression (131) to maintain elevated
endogenous levels of P4 and myometrial quiescence (Figure 2).

P4/PR Induction of Caspases in the
Pregnant Myometrium During

Mid-Gestation Maintains Quiescence

During early to mid-pregnancy in rats there is a high rate
of myometrial cell proliferation and hyperplasia, exemplified
by increased BrdU incorporation and PCNA staining in
the longitudinal smooth muscle layer (146). This declines
precipitously by 17 dpc (term = 23 dpc) and is accompanied
by an increase in cellular hypertrophy. From 12 to 15 dpc,
there was a remarkable induction of the stress-induced caspase
cascade (cleaved caspases 9, 3, 6, and 7) (146). However, this
was not accompanied by evidence for apoptosis. Rather, it
was suggested that caspase activation may cause inhibition of

myometrial proliferative activity and promote the transition
to hypertrophy and smooth muscle cell differentiation (146).
Similar inductive changes in activation of the caspase cascade
were observed in pregnant mouse myometrium from 12 to
15 dpc (term 19 dpc) (147). Importantly, the activation
of caspase 3 was found to be stimulated by P, treatment.
Moreover, caspase 3 activation was accompanied by the cleavage
of myocyte contractile proteins, smooth muscle a- and y-actins
(147) as well as downregulation of the gap junction protein
Cx43 (148). Thus, an important mechanism whereby P4/PR
maintains myometrial quiescence during pregnancy is via its
action to induce the active caspase cascade and cause degradation
of proteins involved in myometrial contractility. The decline in
PR function in the pregnant myometrium toward term results
in decreased caspase activation and allows for the increase in
contractile protein accumulation. Notably, caspase activation
in uterine myocytes was also associated with induction of the
endoplasmic reticulum stress response (ERSR), which is likely
enhanced by physiological/mechanical stimuli (149). The ERSR
was reduced near term by upregulation of the adaptive unfolded
protein response (UPR), resulting in a decline in active caspase 3
and for the induction of contractile proteins (149).

MECHANISMS FOR THE DECLINE IN PR
FUNCTION LEADING TO PARTURITION

The decline in PR function leading to parturition, which is
fundamental and critical for species survival, is mediated by
multiple complementary mechanisms, several of which are
discussed below. It is likely that all of these processes are regulated
by an increased inflammatory response within the myometrium
at term, resulting in activation of NF-kB and AP-1 transcription
factors. In various cell types, activation of NF-«kB represses PR
transcriptional activity, while PR activation also represses NF-kB-
mediated transcription (28, 122).

Altered PR Isoform Expression and
Posttranslational Modification in the

Myometrium Toward Term

As mentioned, PR-A, which is truncated at its N-terminus,
contains only two of the three transcriptional activation domains
that are present in PR-B. Thus, in certain cell- and gene-
specific contexts, including human myometrial cells, PR-A
has been found to repress PR-B transcriptional activity (5-
7). PR-A and PR-B are differentially regulated in the human
myometrium during pregnancy (8); the ratio of PR-A to PR-
B mRNA (9) and protein (7) was observed to be significantly
higher in term myometrium from women in labor compared to
those not in labor. Moreover, in hTERT-HM myometrial cells
stably expressing PR-A or PR-B, it was observed that P4 had
decreased anti-inflammatory activity in PR-A-expressing cells
when compared to those expressing PR-B (10). Furthermore,
proinflammatory stimuli specifically increased phosphorylation
of the PR-A isoform on Ser-344/345 in a P4-dependent manner
and enhanced its ability to antagonize the anti-inflammatory
activity of PR-B (133). Notably, in term myometrium from
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women in-labor vs. not-in-labor, phosphorylation of Ser-345
occurred exclusively on PR-A, and the abundance of phospho-
Ser-345-PR-A relative to total PR-A was increased significantly
in laboring vs. non-laboring myometrium in association with
increased NF-kB activation (133).

A third PR isoform, PR-C (~60 kDa), which is truncated
from the N-terminus and lacks part of the DNA binding
domain, is primarily cytoplasmic in its localization (150, 151).
Since PR-C can bind P4 (152), it may inhibit PR function by
sequestering P4 and/or by physically interacting with PR-B to
reduce its DNA-binding capacity (150). In fundal myometrium
from women before and after the initiation of labor at term,
we observed a labor-associated increase in PR-C mRNA and
a ~60 kDa immunoreactive PR protein. This was temporally
and spatially associated with activation of NF-kB (27). A
temporal increase in a truncated 60 kDa PR isoform was also
observed in mouse uterus near term. Notably, the identity of
truncated PR isoforms in the pregnant uterus (8, 153) requires
further study.

Decreased Expression of Selected
Coregulators in the Myometrium Toward

Term

P4/PR activation of target gene expression is dependent
upon recruitment of coactivator complexes, which contain
histone acetyltransferases and cause an opening of chromatin
structure (154, 155). Previously, we observed that expression
of selected steroid receptor coactivators (SRC) and the histone
acetyltransferase, CREB-binding protein (CBP), declined in
myometrium of women in labor, compared to non-laboring
myometrium, and were profoundly decreased in myometrial
tissues of pregnant mice at term (156). This was associated
with decreased levels of acetylated histone H3. Remarkably,
treatment of pregnant mice with the histone deacetylase (HDAC)
inhibitor, trichostatin A (TSA), during late gestation increased
myometrial histone acetylation and delayed parturition by 24—
48h (156). Subsequently, it was reported that HDAC inhibitors
suppressed proinflammatory gene expression in cultured human
myometrial cells (157) and strongly inhibited contractility of
human myometrial strips (158). Collectively, these findings
suggest that decreased expression of PR coactivators and in
histone acetylation in the myometrium during late gestation
may impair the capacity of P4/PR to upregulate genes that
maintain myometrial quiescence and increase sensitivity of
the uterus to prostaglandins and other contractile factors.
In cultured human myometrial cells, the effect of TNFa
to inhibit SRC-1 and SRC-2 expression mediated TNFa
inhibition of PR-B transcriptional activity (159). Thus, the
decline in coactivators in the myometrium near term may be
caused by induction of proinflammatory mediators. Moreover,
corepressors, GATAD2B (10) and p54nrb (non-POU-domain-
containing, octamer binding protein) (111), which interact with
PR and mediate its capacity to repress proinflammatory and CAP
gene expression, were found to decrease in rodent myometrium
at term, further contributing to the decline in PR function.

Increased Metabolism of P4 Toward Term
Contributes to the Decline in PR Function

Leading to Parturition

As mentioned, in women, circulating P4 levels remain elevated
throughout pregnancy and labor due to the maintenance of
placental P4 production (160). Furthermore, levels of PR remain
elevated in reproductive tissues during pregnancy and into labor
(12). Even in rodents, where P4 production by the corpus
luteum declines precipitously near term, the levels of P4 in
circulation remain higher than the K4 for binding to PR (17).
As mentioned, in the myometrium of pregnant women at term,
there is a pronounced decrease in the ratio of P4 to 20a-
dihydroprogesterone (144), an inactive P4 metabolite generated
by the enzyme 20a-HSD. In mice, the initiation of parturition
is accompanied by increased expression of the P4-metabolizing
enzymes, 20a-HSD in the uterus (131) and 5a-reductase type I
in the cervix (18, 19). Accordingly, gene-targeted mice lacking
5a-reductase type I fail to deliver because of impaired cervical
ripening, even though maternal circulating P4 levels decline
normally (18, 19). Similarly, 20«-HSD knockout mice manifested
severely delayed parturition (20, 161). Thus, increased local
metabolism of P4 in the uterus and cervix near term contributes
to the decline in PR function and is crucial for the initiation of
parturition (19, 141-144).

CONCLUSIONS

Throughout pregnancy, the critical role of P4/PR in maintaining
myometrial quiescence is principally mediated by its capacity
to inhibit inflammatory pathways and to suppress CAP gene
expression. As depicted in Figure4, this occurs via several
cooperative mechanisms that include: tethering of PR to
the inflammatory transcription factors, NF-kB or AP-1, with
recruitment of corepressors (10, 110-112, 130); PR promoter
binding and transcriptional activation of genes encoding the NF-
kB suppressor, IkBa (110), and the MAPK inhibitor, MKP1 (114).
Increased P4/PR also upregulates expression of transcription
factor ZEBI1, which interacts directly with the promoters of
the OXTR and CX43 genes to inhibit their expression and
suppresses expression of the miR-200 family (56). Decreased
miR-200 expression allows upregulation of its target, STATS5b, a
transcriptional inhibitor of 20a-HSD, so that P4 metabolism in
the myometrium is prevented (131). The increased ZEB1 also
upregulates the expression of members of the miR-199a/-214
cluster, which directly target COX-2, resulting in the suppression
of contractile prostaglandin synthesis (57) (Figures 2, 4). P4 also
contributes to myometrial quiescence by activation of the caspase
cascade, which maintains low levels of myocyte contractile
proteins through increased caspase-mediated degradation (147).

The transition of the pregnant myometrium to an
inflammatory, contractile state at term is affected by cooperative
signals from the mother and fetus (Figure1l). Our findings
suggest that appropriate timing for parturition is mediated,
in part, by the induction of surfactant signals, SP-A and PAF,
produced by the fetal lung and secreted into amniotic fluid
where they interact with fetal M¢ to alter their phenotypic
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state (23, 69, 70). These activated immune cells then migrate to
the maternal uterus (23) where they promote an inflammatory
response with activation of NF-kB and AP-1, leading to a decline
in PR function and increased expression of proinflammatory and
CAP genes in the myometrium (Figures 1, 3). The decline in PR
function in human myometrium is thought to be mediated by: an
inflammation-induced increase in PR-A, relative to PR-B isoform
expression (133), with possible upregulation of other truncated
PR isoforms (27); a decreased expression of ZEB1 and coordinate
induction of miR-200 family expression (56), resulting in
suppression of STAT5b, upregulation of 20a-HSD and with
increased local metabolism of P4 (131); the direct interaction of
NF-kB p65 with PR (122); a decline in PR coactivators (156).
The decline in ZEB1 also contributes to upregulation of OXTR
and CX43 (56) and a decrease in miR-199a/-214 expression
with the induction of their target, COX-2 (57), and of PGF,a
synthesis (Figure 1). Toward term, the increase in E, production
and ERa activation in the myometrium results in increased
proinflammatory and CAP gene expression, which is mediated,
in part, by inhibition of ZEB1/2 (57) and by the decreased
expression of miR-181b, allowing for the upregulation of its
targets, ERa, TNFa and c-FOS (53). These highly coordinated
molecular events, together with increased myometrial stretch
and a decline in PR corepressor expression culminate in the
increased myometrial contractility leading to parturition.

Our extensive knowledge of the mechanisms that underlie
myometrial quiescence during pregnancy and its transition to a
contractile state prior to parturition has led to the identification
of a number of conserved potential therapeutic targets for
the prevention of preterm labor and its consequences. Several

of these targets include miRNA clusters and families that
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CRF4 Receptor Signaling via the
ERK1/2-MAP and Akt Kinase
Cascades: Roles of Src, EGF
Receptor, and PI3-Kinase
Mechanisms

G. Karina Parra-Mercado ', Alima M. Fuentes-Gonzalez ', Judith Hernandez-Aranda’,
Monica Diaz-Coranguez’, Frank M. Dautzenberg?, Kevin J. Catt®, Richard L. Hauger**
and J. Alberto Olivares-Reyes ™

" Laboratory of Signal Transduction, Department of Biochemistry, Center for Research and Advanced Studies of the National
Polytechnic Institute, CINVESTAV-IPN, Mexico City, Mexico, ? Novaliq GmbH, Heidelberg, Germany, ° Section on Hormonal
Regulation, Program on Developmental Endocrinology and Genetics, National Institute of Child Health and Human
Development, Bethesda, MD, United States, * Center of Excellence for Stress and Mental Health, VA Healthcare System,
San Diego, CA, United States, ° Department of Psychiatry, University of California, San Diego, San Diego, CA, United States

In the present study, we determined the cellular regulators of ERK1/2 and Akt
signaling pathways in response to human CRF; receptor (CRF{R) activation in
transfected COS-7 cells. We found that Pertussis Toxin (PTX) treatment or sequestering
Gpy reduced CRF¢R-mediated activation of ERK1/2, suggesting the involvement of
a Gi-linked cascade. Neither Gg/PKA nor Gg/PKC were associated with ERK1/2
activation. Besides, CRF induced EGF receptor (EGFR) phosphorylation at Tyr'068
and selective inhibition of EGFR kinase activity by AG1478 strongly inhibited the
CRF{R-mediated phosphorylation of ERK1/2, indicating the participation of EGFR
transactivation. Furthermore, CRF-induced ERK1/2 phosphorylation was not altered
by pretreatment with batimastat, GM6001, or an HB-EGF antibody indicating
that metalloproteinase processing of HB-EGF ligands is not required for the
CRF-mediated EGFR transactivation. We also observed that CRF induced Src and
PYK2 phosphorylation in a GBy-dependent manner. Additionally, using the specific
Src kinase inhibitor PP2 and the dominant-negative-SrcYF-KM, it was revealed that
CRF-stimulated ERK1/2 phosphorylation depends on Src activation. PP2 also blocked
the effect of CRF on Src and EGFR (Tyr®*%) phosphorylation, further demonstrating
the centrality of Src. We identified the formation of a protein complex consisting of
CRF1R, Src, and EGFR facilitates EGFR transactivation and CRF{R-mediated signaling.
CREF stimulated Akt phosphorylation, which was dependent on Gi/By subunits, and Src
activation, however, was only slightly dependent on EGFR transactivation. Moreover,
PISK inhibitors were able to inhibit not only the CRF-induced phosphorylation of Akt,
as expected, but also ERK1/2 activation by CRF suggesting a PI3K dependency
in the CRF{R ERK signaling. Finally, CRF-stimulated ERK1/2 activation was similar
in the wild-type CRF{R and the phosphorylation-deficient CRF{R-A386 mutant,
which has impaired agonist-dependent B-arrestin-2 recruitment; however, this situation
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may have

resulted from the
When B-arrestin-2 was overexpressed

low B-arrestin expression in the COS-7 cells.
in COS-7 cells, CRF-stimulated ERK1/2

phosphorylation was markedly upregulated. These findings indicate that on the base
of a constitutive CRF{R/EGFR interaction, the Gi/py subunits upstream activation of Src,
PYK2, PIBK, and transactivation of the EGFR are required for CRF4{R signaling via the
ERK1/2-MAP kinase pathway. In contrast, Akt activation via CRF1R is mediated by the
Src/PI3K pathway with little contribution of EGFR transactivation.

Keywords: corticotropin-releasing factor, CRF, receptor, EGF receptor transactivation, ERK1/2, Src, PISK/Akt

INTRODUCTION

Behavioral, cognitive, neuroendocrine, and autonomic responses
to stress are regulated by CRF; and CRF; receptors (CRF;R and
CRF,R) (1-3). The preferred mode of signal transduction by
both CRF receptors was initially believed to be activation of the
Gg/adenylyl cyclase/PKA signaling pathway (1-3). Subsequently,
CRF;R and CRF,R were also found to signal via the PLC/PKC
cascade stimulating intracellular calcium mobilization and IP3
formation (1-4). Besides, both CRF receptors can activate
mitogen-activated protein (MAP) kinase cascades in neuronal,
cardiac, and myometrial cells endogenously expressing CRF; R or
CRF,R and in recombinant cell lines expressing either receptor
(2, 3, 5, 6). Several reports suggested that cellular background
directed CRF;R to signal selectively via a specific MAP kinase
pathway. For example, agonist-activated CRF;Rs stimulated
phosphorylation of ERK1/2 and p38 MAP kinases in PC12
and fetal microglial cells (7, 8) while CRF;Rs activated ERK1/2
but not JNK and p38 in CHO cells (9). In human mast cells
and HaCaT keratinocytes, on the other hand, CRF;Rs induce
phosphorylation of p38 but not ERK or JNK MAP kinases (10,
11). Most studies suggest, however, that the ERK1/2 cascade is
the MAP kinase pathway preferentially used by CRF receptors
(5,9, 12, 13).

Signaling via the cyclic AMP (cAMP)-PKA pathway by
Gs-coupled GPCRs has been proposed to mediate upstream
activation of the ERK cascade in cells with high B-Raf expression
(14). Consistent with this concept, PKA regulates CRF;R-
mediated ERK activation and ERK-dependent Elk1 transcription
in AtT-20 pituitary cells that express high B-Raf levels (15).
Kageyama et al. (16) found, however, that ERK activation by
CRFjR was mediated by a PKA-independent mechanism in
AtT-20 cells. Moreover, other studies have reported that PKA
does not play a role in CRF;R ERK signaling in rat CATH.a
and rat fetal microglial cells, locus coeruleus neurons, and
transfected CHO cells (8, 9, 12, 17). CRF{R can also activate
the ERK1/2 cascade via a PKC-dependent mechanism, based on

Abbreviations: CRF, Corticotropin-releasing factor; CRF;R, corticotropin-
releasing factor receptor type 1; ct-BARK, p-adrenergic receptor kinase carboxyl
terminus peptide; EGE, epidermal growth factor; EGFR, epidermal growth factor
receptor; ERK1/2, extracellularly regulated kinases 1 and 2; GPCR, G protein-
coupled receptor; MMP, matrix metalloproteinase; MAP kinase, mitogen-activated
protein kinase; PYK2, proline-rich tyrosine kinase 2; PI3K, phosphatidylinositol
3-kinase; c-Src, human homolog of the v-Src Rous sarcoma proto-oncogene;
Ucn, urocortin.

data showing that pretreatment with a PLC or PKC inhibitor
blocked urocortin 1 (Ucnl)-stimulated phosphorylation of
ERK1/2 in CRFjR-expressing human myometrial, CHO, and
HEK293 cells (12, 13), and in rat hippocampal neurons (18).
PKC inhibitor pretreatment, however, failed to block CRF- and
Ucnl-stimulated ERK1/2 phosphorylation in CRF;R-expressing
pituitary AtT20 cells and brain-derived CATH.a cells expressing
both CRF receptors (12, 16). These findings suggest that cellular
background may also govern the ability of PKA or PKC pathways
to regulate CRF;R ERK1/2 signaling similar to its possible
role in mediating CRF;R selective activation of a specific MAP
kinase cascade.

MEK1/2-mediated phosphorylation of ERK1/2 at Thr?%?
and Tyr204 during CRFjR and CRF;R signaling in various
cell lines has been confirmed by inhibiting ERK1/2 activation
with PD98059 (2, 9, 12, 13, 19). Inhibiting C-Raf function by
pretreatment with R1-K1 inhibitor or blocking Ras activation
by transfection with the dominant-negative mutant RasS17N
inhibited Ucnl-stimulated ERK1/2 phosphorylation in CRF;R-
expressing CHO and HEK293 cells (5, 12). CRF,R activation
by urocortin 2 (Ucn2) and urocortin 3 (Ucn3) has also been
shown to signal via the Ras— C-Raf—>MEK1/2 cascade in rat
cardiomyocytes, based on the ability of manumycin A (a Ras
inhibitor) and R1-K1 to abolish ERK1/2 phosphorylation (19).
Other research has provided evidence for a phosphoinositide
3-kinase (PI3K)-dependent mechanism contributing to CRF;R-
and CRF,R-mediated ERK1/2 activation in HEK293, CHO,
A7r5, and CATH.a cells (5, 9, 12). EGF receptor (EGFR)
transactivation, possibly by matrix metalloproteinase (MMP)-
mediated ligand release, has been shown to contribute to Ucnl-
stimulated ERK1/2 phosphorylation in HEK293 cells, although
the mechanisms for CRF;R-mediated transactivation of the
EGFR were not determined (5). Furthermore, another study
reported that CRF receptor ERK signaling in the mouse atrial
HL-1 cardiomyocyte line involved activation of Src (20).

In addition, activation of CRF{R or CRFy},)R can stimulate
phosphorylation of Akt (5, 21). CRFy,)R Akt signaling in
HEK293 cells is mediated by pertussis-sensitive G proteins
and PI3K but not by cAMP-stimulated activation of PKA or
EPAC, or by PKC (21). The mechanisms regulating Akt signal
transduction by CRF;R, however, have not been investigated.
Because upstream kinase pathway mediation of CRF;R signal
transduction via the ERK and Akt cascades are not well-
understood, the primary goal of this study was to test the
hypothesis that Src tyrosine kinase and EGFR transactivation
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are essential regulators of these CRFR signaling pathways. We
also sought to determine the relative importance of G protein fy
subunits, second messenger kinases, and PI3K in the activation
of the ERK1/2 and Akt cascades by the CRFiR. The results of
our study indicate that upstream utilization of Src and PI3K are
involved in ERK and Akt signal transduction by the agonist-
activated CRF{R in COS-7 cells, without mediation by PKA
and PKC, while transactivation of the EGFR is mainly required
for CRF;R to stimulate phosphorylation of ERK but not for
Akt activation.

MATERIALS AND METHODS

Materials

General reagents utilized were as follows: (i) DMEM, fetal
bovine serum (FBS), antibiotic solutions and other cell culture
reagents from Invitrogen/GIBCO (Carlsbad, CA); (ii) Pertussis
Toxin, reagents for electrophoresis and other highly pure
chemicals from Sigma-Aldrich (St. Louis, MO). Human/rat
CRF was purchased from Bachem (Torrance, CA). Phorbol
12-myristate 13-acetate (PMA), and the following specific
inhibitors were purchased from Calbiochem (La Jolla, CA):
Src inhibitor PP2; EGFR tyrosine kinase inhibitor AG1478;
PKA inhibitor H89; PKC inhibitor bisindolylmaleimide I, BIM;
PI3K inhibitors wortmannin and LY294002; MMP inhibitor
GM6001, and Protease Inhibitor Cocktail Set III. BB-94
(batimastat) was obtained from British Biotechnology Ltd
(Oxford, UK). Antibodies for Western blots were obtained
from the following sources: (i) phospho-p44/42 MAP kinase
(Thr?%2/Tyr?*), total ERK1/2, total EGFR and phospho-c-
Src (Tyr416) from Cell Signaling Technology (Beverly, MA);
(ii) total ERK2, total c-Src and total Akt from Santa Cruz
Biotechnology (Santa Cruz, CA); (iii) phospho-EGFR (Tyr1068),
phospho-EGFR (Tyr!'”®) and phospho-EGFR (Tyr®%) from
Biosource-Invitrogen (Carlsbad, CA); (iv) phospho-Akt (Ser’?)
from Biosource International (Camarillo, CA); (v) phospho-
PYK2 (Tyr402) from Calbiochem (La Jolla, CA); (vi) polyclonal
anti-human HB-EGF antibody from R&D Systems (Minneapolis,
MN); (vii) secondary antibodies conjugated to horseradish
peroxidase from Zymed Laboratories (San Francisco, CA).

DNA Constructs

The HA-epitope tagging human CRF;R (HA-CRF,R), the HA-
CRF{R-A386 mutant, and the B-arrestin-2 constructs were
previously described (22-24). Plasmid pRK5 encoding the
carboxyl terminus of BARK that contains its By-binding domain
(ct-BARK) was kindly provided by Dr. W. Koch (Center
for Translational Medicine, Temple University, Philadelphia,
PA), which is a scavenger for G protein By subunits (25).
The expression vector pCEFL-SrcYF-KM, which contains the
inactive form of SrcYF, SrcYF-KM (dominant-negative, dn-Src),
was kindly provided by Dr. Silvio Gutkind (Department of
Pharmacology, UCSD, La Jolla, CA) (26). Plasmid pUSEamp
encoding dominant-negative Akt-K179M (dn-Akt) was from
Upstate Biotechnology (Lake Placid, NY).

Cell Culture and Transfection

COS-7 cells (from the American Type Culture Collection) were
cultured at 37°C in a humidified atmosphere of 95% air, 5% CO3,
in DMEM supplemented with 10% FBS, 100 jvg/ml streptomycin,
and 100 units/ml penicillin (COS-7 growth medium). Transient
transfections were performed using LipofectAMINE (Life
Technologies: Gaithersburg, MD) as described previously (27).
Cells were seeded at 8 x 10° cells/10-cm dish in COS-7
medium and cultured for 3 days before transfection. COS-7 cells
were transfected in 5 ml/dish OptiMEM containing 10 pg/ml
LipofectAMINE with empty vector, pcDNA3 encoding the HA-
CRFR or the HA-CRF;R-A386 mutant. In certain experiments,
cells were co-transfected with plasmids containing: HA-CRF;R
and mock (empty vector); HA-CRF R and ct-BARK; HA-CRF;R
and dn-Src; HA-CRF R and dn-Akt, or HA-CRF;R and full-
length B-arrestin-2. After replacing the transfection medium with
fresh growth medium, transfected COS-7 cells were cultured for
1 day. Subsequently, cells were re-seeded in 6-well plates and
cultured for an additional day prior to the experiment.

Western Blot Methods

The protocols for measuring total and phosphorylated ERK1/2,
c-Src, PYK2, Akt, and EGFR have been previously published (28,
29). After cells were cultured to 60-70% confluence, they were
serum-deprived for 24 h. On the day of the experiment, cells were
treated with the indicated ligands and inhibitors. No significant
changes in the basal level of ERK1/2 or Akt phosphorylation
were observed in cells pretreated with inhibitors, except for
BIM, which showed a small increase in ERKI1/2 activation
(Supplementary Figure S1). After treatment, cells were placed
on ice, the media was aspirated, and the cells were washed
twice with ice-cold PBS and lysed in 100 pl of Laemmli sample
buffer 1X. The lysates were briefly sonicated, heated at 95°C
for 5min, and centrifuged for 5min at 14,000 rpm. Resulting
supernatants were loaded in separate lanes of a 10% SDS-
PAGE gels and electrophoresed. Next, Western transfer on to
PDVF membranes was completed. The Western blots were then
probed with specific antibodies targeting phosphorylated and
non-phosphorylated forms of ERK1/2, c-Src, PYK2, Akt, and
EGEFR for primary immunodetection. After blots were probed
with horseradish peroxidase-conjugated secondary antibody,
protein bands were visualized with enhanced chemiluminescence
ECL reagent (Amersham Pharmacia Biotech, Piscataway, NJ or
Pierce Biotechnology, Rockford, IL) and scanned using the GS-
800 Calibrated Imaging Densitometer (Bio-Rad). The labeled
bands were quantified using the Quantity One 4.6.3 software
program (Bio-Rad).

Co-immunoprecipitation Assay

COS-7 cells transfected with HA-CRF;R were grown in 10-cm
dishes and serum-deprived for 24h before treatment with
100 nM CRF for 10 min at 37°C. Cells were washed twice with
ice-cold PBS and lysed in Nonidet P-40 solubilization buffer
(50 mM Tris-HCI, 150 mM NaCl, 2mM Orthovanadate, 1 mM
NaF, 1% Nonidet P-40, 10% Glycerol, 2mM EDTA, pH 7.4,
containing protease inhibitors). After immunoprecipitation
of HA-CRF;Rs with anti-HA monoclonal antibody (HA.11;
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Covance, San Diego, CA) and protein A/G PLUS-Agarose (Santa
Cruz Biotechnology, CA), the proteins were resolved by SDS-
PAGE, Western blotted, and probed with anti-EGFR polyclonal
or anti-HA monoclonal antibodies, followed by a horseradish
peroxidase conjugate to identify co-immunoprecipitated
proteins. Blots were also stripped with stripping buffer (100 nM
Glycine-HCI, pH 2.7) and reprobed with anti-c-Src polyclonal
antibody. Western blot detection of co-immunoprecipitated Src
was carried out as described above. Blots were visualized and
quantified, as indicated above.

Statistical Analysis

Data are presented as mean £ S.E.M. Analyses of variances
(ANOVAs) across experimental groups were performed using
PRISM™, Version 8.0 for macOS (GraphPad Software, Inc., San
Diego, CA). If the one-way ANOVA was statistically significant,
planned post-hoc analyses were performed using Dunnet or
Bonferroni’s multiple comparison tests to determine individual
group differences.

RESULTS

CRF-Induced ERK1/2 Phosphorylation Is
Dependent on G; Protein and the Gpy

Subunits

CRF treatment (100 nM) of COS-7 cells transiently transfected
with HA-CRF;R caused transient phosphorylation of ERK1/2
that reached a peak at 5-10min and declined thereafter
toward the basal level over the next 30min (Figure 1A).
CRF (100nM) also caused time-dependent phosphorylation
of ERK1/2 in CRF;R-expressing HEK293 and CHO-K1 cells
(data not shown), but the rate and magnitude of CRF-induced
ERK1/2 activation was considerably less in these cell lines
compared to COS-7 cells. In contrast, CRF;Rs expressed in SK-
N-MC neuroblastoma cells (4) failed to signal via the ERK1/2
cascade while fibroblast growth factor induced strong ERK1/2
phosphorylation in this cell line (Supplementary Figure S2).
Therefore, all subsequent experiments studying ERK1/2 signaling
were performed in COS-7 cells transfected with HA-CRF;R
c¢DNA. CRF-induced ERKI1/2 activation was concentration-
dependent, with a significant increase at 10nM CRF (~2.4-
fold increase over control) and maximal effect over the 0.1-
1 uM range (~5.2-fold increase over control, Figure 1B). The
ECs0 was 25nM and the maximum occurred at 100 nM for the
CRF-induced ERK1/2 phosphorylation.

Most of the known actions of CRF;Rs are mediated through
the G¢/PKA signaling cascade, but some of the physiological
actions of CRF are also known to occur through activation
of Gq or G; proteins (30). To determine the contributions of
Gs/PKA-dependent mechanisms to MAP kinase activation, COS-
7 cells were pretreated with the PKA inhibitor H89 (500 nM) for
30 min prior to stimulation with CRF (100 nM). As shown in
Figure 2A, the PKA inhibitor failed to inhibit CRF-stimulated
ERK1/2 phosphorylation. Furthermore, the magnitude of
CRF;R-mediated activation of ERK1/2 was similar in COS-7 cells

pretreated for 30 min with the highly selective PKA inhibitor
Rp-cAMP (0-100 wM) or vehicle (Supplementary Figure S3).
We next explored the involvement of G4/PKC in CRF;R
ERK signaling. A 30-min pretreatment of COS-7 cells with
the PKC inhibitor BIM (1 M), increased (~1.6-fold increase
over CRF stimulation) rather than decreased CRF-stimulated
ERK1/2 activation (Figure 2B). In contrast, BIM pretreatment
inhibited ERK1/2 phosphorylation resulting from PMA-induced
PKC activation (Figure 2B). Thus, our data suggest that neither
Gs/PKA nor G4/PKC are required for the CRF;R-mediated
ERK1/2 signaling in COS-7 cells.

On the other hand, the release of GBy subunits during GPCR
coupling to G protein, particularly through G, has an important
role in downstream signaling in the ERK1/2 cascade (31, 32).
Thus, we examined the role of G; and Gfy in CRF-stimulated
ERK1/2 activation by two different experimental approaches:
treatment with the G;j protein inhibitor pertussis toxin (PTX)
and by co-transfecting COS-7 cells with plasmids encoding the
carboxyl terminus of BARK containing its By-binding domain
(ct-BARK) (Supplementary Figure S4), which sequesters Py,
and the CRF;R. COS-7 cells expressing CRF;Rs pretreated
with 100ng/ml PTX showed a marked reduction in CRF-
induced ERK1/2 phosphorylation (Figure 2C), suggesting the
coupling of CRF;R to Gj to mediate ERK activation. Moreover,
overexpressing ct-BARK in COS-7 cells co-expressing CRF;Rs
significantly reduced CRF-induced ERK1/2 phosphorylation by
~40% (Figure 2D). Thus, our data implicate GBy subunits from
PTX-sensitive heterotrimeric G proteins in CRF;R-mediated
activation of ERK1/2.

Transactivation of the EGFR During CRF4R
ERK1/2 Signaling

Because transactivation of receptor tyrosine kinases (RTKs),
especially the EGFR, is often an important mechanism used
by GPCRs to activate ERK1/2 (33, 34), we investigated
the role of EGFR transactivation in CRF;R-mediated ERK
signaling. In COS-7 cells transiently transfected with HA-CRF R,
EGF stimulation of the endogenous EGFRs caused ERK1/2
phosphorylation in a time-dependent manner, reaching a
maximum effect after 5 min of stimulation, which persisted for at
least 30 min (~6.0-fold increase over time 0, Figure 3A). ERK1/2
phosphorylation was also increased by EGF (0-100ng/ml)
in a concentration-dependent manner (ECsy = 0.23ng/ml,
Figure 3B). Thus, these results are consistent with the well-
established role of EGFR in ERK1/2 signaling (35).

When COS-7 cells expressing HA-CRF;R were pretreated
with the EGFR tyrosine kinase inhibitor AG1478 (100nM,
30min), a significant inhibition (~80%) of CRF-induced
maximal ERK1/2 phosphorylation was observed (Figure 3C).
A concentration-dependent inhibition was observed with
AG1478 concentrations of 0-1,000 nM with an ICsy of 10 nM
(Figure 3D). Importantly, phosphorylation of the EGFR at
Tyr!%8 was detected with Western blots in COS-7 cells beginning
at 2min and becoming maximal at 5-10 min of CRF exposure
(100 nM) (Figure 3E). Tyr!!7? of the EGFR was phosphorylated
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in parallel with Tyr!%® in COS-7 cells stimulated with CRF
(Supplementary Figure S5). Together, these results indicate that
CRF-activated CRF R triggers phosphorylation of two critical
amino acids located within the autophosphorylation loop that are
required for EGFR activation (36, 37). Thus, CRF;R signaling
rapidly transactivates the EGFR, in agreement with a study
reporting that Ucn1 stimulated EGFR transactivation in CRF;R-
expressing HEK293 cells (5).

MMPs catalyze the release of extracellular heparin-binding
EGF (HB-EGF) ligand, which, in turn, binds to and activates
the EGFR, thereby stimulating ERK1/2 phosphorylation
(38-40). Although this process represents a significant
mechanism for GPCR-mediated EGFR transactivation, we
found that basal and CRF-stimulated ERK1/2 phosphorylation
in transfected COS-7 cells was not altered by inhibiting
the formation of the ligand HB-EGF with broad-spectrum
MMP inhibitors batimastat BB-94 (5uM) (Figure4A)
or GM6001 (0-20M) (Figure4B). Similarly, blocking
HB-EGF binding to the EGFR with an HB-EGF antibody
(5png/ml) also failed to inhibit CRF-stimulated ERK1/2
phosphorylation (Figure4C). In agreement with previous
reports (39, 41), GM6001 pretreatment significantly attenuated
ERK1/2 phosphorylation induced by PMA but not EGF
(Supplementary Figure $6).  Altogether,  these  results
exclude a role of MMP in CRF-induced transactivation of
the EGFR and subsequent phosphorylation of ERK1/2 in
COS-7 cells.

Src Mediation of CRF{R ERK1/2 Signaling

We then investigated the role of Src kinase, which can
serve as an important upstream regulator of GPCR signaling
via the ERK1/2 cascade (42, 43). Importantly, 100nM CRF
caused marked phosphorylation of Src at Tyr*l®, which is
a requirement for Src activation (44), reaching a maximum
at 10min (~3.5-fold increase over time 0), and persisting
for more than 30min (Figure5A). This activation was
dependent on Gy release since ct-BARK expression reduced
the CRF-induced Src phosphorylation (Figure 5B), and as
expected, CRF-induced Src phosphorylation was prevented by
pretreatment with the selective Src family kinase inhibitor PP2
(Figure 9B). To further evaluate the role of Src in CRF;R
ERK1/2 signaling, COS-7 cells were co-transfected with the
CRFjR and a dn-Src. Overexpression of inactive Src prevented
ERK1/2 activation by CRF (Figure 5C). Other experiments
demonstrated that PP2 pretreatment abolished CRF-stimulated
ERK1/2 phosphorylation (Figure5D), in a concentration-
dependent manner (0-20 uM, ICsyp = 2 uM) (Figure 5E). These
findings support our hypothesis that Src plays a central role in
CRF;R ERK1/2 signaling.

We next determined if CRF-stimulated Src activation is
required for CRF;R-induced transactivation of EGFRs. In this
context, previous research has established that Src can activate
EGER signaling by phosphorylating Tyr®*> of the EGFR protein
(45, 46). As shown in Figure 6A, we found that 100nM CRF
stimulated in a time-dependent manner marked phosphorylation
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of EGFR at Tyr3%® beginning at 2 min and becoming maximal
at 10 min. This effect was blocked by pretreatment of the cells
with PP2 (Figure 6B). In a recent study by Perkovska et al.
(47), it was shown that Vy}, vasopressin receptor interacts with
Src at basal state, suggesting the formation of a GPCR/Src
complex that facilitates MAP kinase activation. To evaluate
if a CRF R/Src complex exists under basal conditions, we
analyzed CRF;R immunoprecipitates for the presence of co-
precipitated Src under basal and CRF-stimulated conditions. As
shown in Figure 6C, 100 nM CRF induced a robust interaction
between the CRF;R and Src after 10 min stimulation (~8.0-
fold increase over control). Interestingly, it was also observed

that under the same immunoprecipitation conditions, the
EGEFR is also present in the CRF;R/co-precipitated complex,
even in the absence of CRF stimulation (Figure 6D). After
stimulation with 100nM CRF for 10min, we observed a
significant increase in the CRF;R/EGFR interaction (~2.5-fold
increase over control). These observations suggest that CRF
promotes the formation of a multiprotein complex that would
allow rapid EGFR phosphorylation at Tyr®*® by Src, present in
this complex.

It has been shown that, in parallel to Src activation by
many GPCRs, the proline-rich tyrosine kinase 2, PYK2, is
also phosphorylated and activated, and in association with
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FIGURE 3 | the indicated concentrations of AG1478 (AG) (D) for 30 min, before stimulation with 100 nM CRF for 5 min (C,D) or 10 ng/ml EGF for 10 min (C). (E) Effect
of 100nM CRF on EGFR phosphorylation at Tyr'%%8, Total cell lysates were separated by SDS-PAGE and analyzed by immunoblotting with anti-p-ERK1/2
Thr292/Tyr204 (A-D) or anti-p-EGFR Tyr'%8 (E), as described in Materials and Methods. ERK1/2 and EGFR phosphorylation were quantitated by densitometry, and
mean values were plotted from three to five independent experiments. Vertical lines represent the S.E.M. Western blots were also probed for total ERK, showing equal
loading. (A) °p < 0.01, °p < 0.001, 9p < 0.0001 vs. Omin. (B) Pp < 0.01, °o < 0.001 vs. 0Ong/ml. (C) 9%p < 0.0001 vs. CRF (-); 9p < 0.0001 vs. EGF (). (D) 9p <
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Src is required for the subsequent transactivation of EGFR
(44, 48). Therefore, we decided to assess whether activation
of CRF;R leads to PYK2 phosphorylation in COS-7 cells. As
shown in Figure 6E, 100 nM CRF caused rapid phosphorylation
of PYK2 in a time-dependent manner (0-30 min), reaching a
maximum effect at 5min and persisting for at least 30 min of
stimulation. Interestingly, and as expected, CRF-mediated
PYK2 phosphorylation was also dependent on Gfy
release (Figure 5B).

PI3K Mediation of CRF{R ERK1/2 and Akt
Signaling

PI3Ks can mediate important biological actions of GPCRs,
including cell proliferation or survival, by serving as an upstream
regulator of Akt and ERK cascades (49, 50). As shown in
Figure 7A, 100 nM CRF caused rapid phosphorylation of Akt, an
effect that was decreased by PTX pretreatment (Figure 7B) or
ct-BARK overexpression (Figure 7C), similar to the previously
observed effect on the CRF-induced ERK1/2 phosphorylation,
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dominant-negative SrcYF-KM (dn-Src) expression vector or an empty control vector (Mock) and the pcDNA3-HA-CRF1R expression vector were stimulated with
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FIGURE 5 | 100nM CRF for 5 or 15 min. Cells were pretreated with 10 uM or the indicated concentrations of PP2 for 30 min before stimulation with 100 nM CRF
(5min) (D,E) or 10 ng/ml EGF (10 min) (D). Total cell lysates were separated by SDS-PAGE and analyzed by immunoblotting with anti-p-Src Tyr*' (A,B) or
anti-p-ERK1/2 Thr2%2/Tyr2%4 (C-E), as described in Materials and Methods. Src, PYK2, and ERK1/2 phosphorylation were quantitated by densitometry, and mean
values were plotted from three to five independent experiments. Vertical lines represent the S.E.M. Western blots were also probed for total Src, total Akt, and total
ERK showing equal loading. (A) °p < 0.01 vs. 0min. (C) °p < 0.01 vs. CRFyR/Mock (5 or 15min). (D) °p < 0.0001 vs. CRF (-), 9p < 0.0001 vs. EGF (). (E) 9p <

suggesting the participation of G; protein and GPy subunits
in this process. It is important to note that none of the
observed effects of PTX and ct-BARK on CRF actions were
present on EGF-stimulated ERK1/2 and Akt phosphorylation
(Supplementary Figure S7).

Pretreatment with selective PI3K inhibitors, wortmannin
(100nM) (Figure 8A), or LY294002 (10uM) (Figure 9C)
abolished CRF;R-mediated Akt signaling activation. Similarly,
inhibition of PI3K by 100nM wortmannin abolished the
stimulatory action of EGF on Akt (Figure8A), thereby
demonstrating that the PI3K pathway is required for both
CRF- and EGF-induced Akt phosphorylation. Considering that
an upstream PI3K mechanism can also regulate CRF R and
CRF,R signaling via the ERK1/2 cascade in A7r5, CATH.a,
and transfected CHO cells (9, 12), we investigated the potential
role of PI3K in the activation of ERK1/2 by HA-CRF;Rs
expressed in COS-7 cells. In this context, activation of RTKs,
such as the EGFRs, has been shown to recruit PI3K and
activate ERK1/2 (50-53). However, contradictory data on PI3K
involvement in EGFR-induced ERK1/2 phosphorylation have
been reported (54-56). In this regard, to find out if EGF-
mediated ERK1/2 phosphorylation observed in COS-7 cells
is depending on PI3K activation, we analyze the effect of
100 nM wortmannin on the EGF ERK1/2 activation. As shown
in Figure 8A, pretreatment with wortmannin was unable to
inhibit the effect of EGE suggesting that PI3K does not
participate in this mechanism. In contrast, pretreatment with
wortmannin abolished CRF-stimulated ERK1/2 phosphorylation
(Figure 8A) in a concentration-dependent manner (0-100 nM),
confirming an intermediary role for PI3K in CRF;R ERK
signaling (Figure 8B). To examine the contribution of CRF-
mediated activation of Akt to the phosphorylation of ERK1/2,
we evaluated the effect of the dn-Akt mutant. As shown in
Figure 8C, overexpression of dn-Akt had no significant effect
on ERK1/2 activation after stimulation with CRF (Figure 8C),
suggesting that Akt does not participate in the activation of
ERK1/2 by CRF. Because in the present work we do not
show evidence about impairment of kinase activity of the
dn-Akt, it will be necessary the use of other approaches,
such as genetic tools or inhibitors, to provide more evidence
regarding the possible no effect of Akt on the ERK 1/2
pathway. Because in the present work we do not show evidence
about impairment of kinase activity of the dn-Akt, it will be
necessary the use of other approaches, such as genetic tools
or inhibitors, to provide more evidence regarding the possible
Akt lack of effect on ERK 1/2 pathway. Consequently, our
results suggest that PI3K can regulate the transduction of
CRFR signals through the ERK cascade, possibly independently
of Akt.

Src Acts Upstream and PI3K Downstream
of the EGFR During CRF-Induced ERK1/2

Activation

Since we found that CRF-induced EGEFR transactivation
mediates ERK1/2 phosphorylation through Src- and PI3K-
dependent mechanisms, we next determined if CRF-induced
PI3K activation occurs upstream or downstream of Src and
EGFR. Wortmannin inhibition of PI3K had no effect on
CRF-induced phosphorylation of EGFR at Tyr®*> (Figure 9A),
suggesting that PI3K acts downstream of Src and EGFR.
Consistent with these results, we also observed that wortmannin
pretreatment did not alter CRF-induced phosphorylation
of Src at Tyr416 (Figure 9B). Therefore, CRF;R-stimulated
transactivation of EGFR and phosphorylation of ERK1/2
mediated by Src was independent of PI3K. It has been reported
that the PI3K/Akt signaling pathway can be activated at least
by two independent mechanisms: (i) EGFR transactivation
(57), and (ii) upstream Src activation (58, 59). We observed
that CRF-induced Akt activation was completely inhibited
by the Src inhibitor, PP2 (Figure 9C), suggesting that Src is
an upstream regulator of PI3K and Akt. We next measured
the effect of the specific EGFR tyrosine kinase inhibitor,
tyrphostin AG1478, on CRF-stimulated Akt phosphorylation.
As observed in Figure9D, while CRF-induced ERK1/2
activation was totally dependent on EGFR transactivation
(Figure 9D), Akt phosphorylation was only partially dependent.
Thus, we hypothesize that PI3K/Akt pathway signaling
by CRF;R may involve two mechanisms: (i) a strong
dependence on upstream Src activating PI3K and then Akt
(Figure 9C); (ii) a weak dependence on EGFR transactivation
(Figure 9D).

Role of g-Arrestin-2 in the CRF-Mediated
ERK1/2 Activation

In recent years, it has been identified that B-arrestin proteins
play an important role in mediating the actions of GPCRs,
particularly those related to activation and regulation of
Src and mitogenic pathways, in particular, the ERKI/2
signaling cascade (60). To determine the role of B-arrestins
in the CRF-mediated ERKI1/2 activation observed above,
we used a phosphorylation-deficient mutant CRF;R, which
also shows a diminished agonist-dependent p-arrestin-2
recruitment (24). As shown in Figure 10A, COS-7 cells
transiently transfected with HA-CRF;R-A386 mutant showed
a similar response in ERK1/2 phosphorylation compared
to that observed with CRF;R. The apparent independence
of CRF-mediated activation of ERK1/2 from M-arrestin-2
could be explained by the low B-arrestin expression level
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FIGURE 6 | and analyzed by immunoblotting with anti-p-EGFR Tyr®45 (A,B) or anti-p-PYK2 Tyr%? (E), as described in Materials and Methods. EGFR and ERK1/2
phosphorylation were quantitated by densitometry, and mean values were plotted from three to five independent experiments. Vertical lines represent the S.E.M.
Western blots were also probed for total EGFR, ERK, or PYK2 showing equal loading. (A) 20 < 0.05, °p < 0.01 vs. 0min. (B) °o < 0.001 vs. Con, °p < 0.01 vs. CRF
(). (E) 2p < 0.05 vs. Omin. (D) COS-7 cells expressing HA-CRF{Rs were stimulated with 100 nM CRF for 10 min. Total cell lysates were immunoprecipitated with
anti-HA antibody and immunoblotted with anti-EGFR antibody or anti-HA antibody. (C) Blots were also stripped and reprobed with anti-Src polyclonal antibody. Src
and EGFR were quantitated by densitometry, and mean values were plotted from three independent experiments. Vertical lines represent the S.E.M. (C) °p < 0.01 vs.

previously detected in COS-7 cells (61, 62). To assess
this possibility, we evaluated the effect of p-arrestin-2
overexpression in COS-7 cells, since CRF;R activation
has been shown to lead to selective recruitment of B-
arrestin-2 in both HEK293 cells and neurons (24, 63). As
observed in Figure 10B, cells co-expressing HA-CRF;R
and PB-arrestin-2 showed a significant increase in the CREF-
mediated ERK1/2 phosphorylation, suggesting that B-arrestin
involvement in CRF;R ERK1/2 signaling depends on its cellular
expression levels.

DISCUSSION

In the present study, we investigated the molecular mechanisms
associated with the activation of ERK1/2 and Akt signaling
cascades by the human CRF;R in COS-7 cells. Our data
suggest that agonist-stimulated CRF;R promotes G; activation
and GPy release which, in turn, stimulate phosphorylation
and activation of Src kinase. Once Src is active, it mediates
ERK1/2 phosphorylation by at least two independent signaling
mechanisms: (i) phosphorylation and transactivation of the
EGFR, (ii) activation of PI3K. Interestingly, CRF;R-induced
Akt phosphorylation also requires Src-mediated activation of
PI3K as the main mechanism, but it is mostly independent of
EGEFR transactivation.

Defining the molecular mechanisms for ERK1/2 signaling by
a GPCR has become a significant focus of signal transduction
research due to the multifaceted pathways mediating signaling
via the ERK1/2-MAP kinase cascade. A significant role of
the ERK1/2-MAP kinase pathway has been recognized in the
biological action of both CRF;R and CRF,R. ERK1/2 is widely
distributed in the brain and is considered an essential regulator
of the molecular processes involved in response to stress (6, 64).
It is well-established that most GPCRs signal via ERK1/2-MAP
kinase cascades through distinct G-, Gs-, and Gg-dependent
signaling pathways. In the case of the CRF;R, it has been
identified that the Gs;/PKA pathway is importantly involved
in the activation of MAP kinase cascades (12, 15, 18). In
contrast, we found that pretreating CRF;R-expressing COS-7
cells with PKA inhibitors H89 or Rp-cAMP did not alter the
ability of CRF to stimulate ERK1/2 phosphorylation. Although
earlier research proposed that high cellular expression of the
serine-threonine kinase B-Raf molecularly switches “upstream”
ERK1/2 activation by Gs-coupled GPCRs to a PKA mechanism
(14), pretreating fetal hippocampal cells with the PKA inhibitor
H89 only produced a small reduction in CRF;R-mediated
ERK phosphorylation despite very high hippocampal levels

of B-Raf (18). Furthermore, H89 failed to inhibit CRF;R-
mediated ERK signaling in brain-derived CATH.a, rat fetal
microglial, locus coeruleus, and transfected CHO cells (8, 9, 12,
17). In fact, ERK activation by CRF;R in HEK293 cells was
markedly decreased after the third intracellular loop’s Ser*%!
was phosphorylated by PKA (65). Thus, a cAMP-dependent
PKA — Rapl — B-Raf mechanism does not always mediate
ERK1/2 signaling by Gs-coupled receptors. EPAC, a guanine
nucleotide exchange factor that is activated by intracellular
cAMP, has been shown to regulate activation of Rapl and
ERK1/2 without the involvement of PKA (66). Gs-coupled
CRF{R signaling can stimulate ERK1/2 phosphorylation by
activating upstream EPAC2 independent of PKA in certain
cell lines (17, 67). Interestingly, neither Epac nor PKA was
found to mediate Akt cascade signaling by CRF,p,)R in
HEK293 (21).

The versatility of the CRFR to activate different signaling
pathways has allowed its coupling to G4 proteins to be identified
(4). Gq conveys a signal to activate PKC which then triggers
MAP kinase cascades. Thus, it has been shown that G¢/PLC/PKC
cascade signaling by CRF;R activated by Ucnl contributes to
phosphorylation of ERK1/2 in CRF;R-expressing myometrial,
CHO, HEK293, and rat hippocampal cells (12, 13, 18). However,
in pituitary AtT20 cells and CATH.a cells, PKC is not involved
in Ucnl-stimulated ERK1/2 phosphorylation (12). In our study,
pretreatment with the PKC inhibitor, BIM, increased rather than
reduced CRF-stimulated ERK1/2 phosphorylation, suggesting
that PKC may negatively regulate CRF;R ERK1/2 signaling in
COS-7 cells, although the specific mechanism for this effect
remains to be determined.

The use of PTX in our study suggests the participation
of Gj protein in the CRF-dependent activation of ERK and
Akt pathways. Interestingly, it is now well-established that
during GPCR/G; signaling, GBy release can activate a myriad
of effectors to modulate diverse signaling pathways downstream
of GPCRs, including Src, which in turn activate EGFR to
promote ERK1/2 activation (43, 68, 69). GBy-activated Src can
also associate PYK2. When we blocked that action of GPy
subunits in COS-7 cells by overexpressing the ct-BARK peptide,
which is a GPy subunit scavenger (70, 71), CRF-stimulated
ERK phosphorylation was decreased by ~40%. Moreover, ct-
BARK overexpression markedly reduced phosphorylation of
Src and Akt. In agreement, another group has also found
that CRF;R ERK1/2 signaling is only partially dependent on
GPy, although their study did not assess the role of GPy
subunits in the activation of upstream ERKI1/2 pathways.
Differences in CRF;R-mediated activation of the ERK1/2-
MAP kinase cascade are probably attributable to variations
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in the signaling properties of transfected CRF;Rs expressed
in different cell lines utilized in these studies. We are
presently investigating other upstream factors including f-
arrestins that regulate Src and EGFR mediation of CRF;R
ERK1/2 signaling.

Our experiments did demonstrate that CRF-stimulated
phosphorylation of ERK1/2 and EGFR occurred in parallel,
while pretreatment with the EGFR kinase inhibitor, AG1478,
caused a concentration-dependent inhibition of CRF-stimulated

ERK1/2 phosphorylation. In agreement, it has been shown that
EGEFR transactivation is required for Ucnl-stimulated ERK1/2
phosphorylation in transfected HEK293 cells (5). In contrast
to our data indicating that a MMP/HB-EGF ligand mechanism
was not involved, however, this group reported that MMP
generation of an HB-EGF ligand transactivated the EGFR during
CRF;R ERK1/2 signaling (5). Therefore, EGFR transactivation
can play a critical role in CRF;R signaling via the ERK1/2-MAP
kinase cascade.
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Earlier studies have implicated a PI3K-dependent mechanism
in CRFiR ERK1/2 signaling based on the observation that
pretreatment with PI3K inhibitors attenuated sauvagine-
and Ucnl-stimulated ERK1/2 phosphorylation in CRF;R-
expressing CHO and HEK293 cells (5, 9, 12). PI3K is
also involved in CRFyy)R-stimulated ERKI1/2 activation
in CHO, A7r5 and mouse neonatal cardiomyocyte cells
(12, 19). However, the activation sequence of PI3K,

EGFR, and ERK1/2 during CRF;R signaling has not
been fully elucidated. Here we observed that pretreating
CRF;R-expressing COS-7 cells with the PI3K inhibitors
wortmannin and  LY294002 inhibited = CRF-stimulated
phosphorylation of ERK1/2 and Akt. Previous studies
suggest that PI3K activity is required for GPy-mediated
MAP kinase signaling pathway at a point upstream of Sos and
Ras activation (50, 72).
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Because we also found that AGI1478 abolished
phosphorylation of ERK1/2 while only decreasing Akt
phosphorylation 25% in transfected COS-7 cells stimulated
with CRE upstream activation of the PI3K/Akt pathway by
CRFR is not strongly dependent on EGFR transactivation. In
this context, our study suggests that Src acts as a critical mediator
of PI3K activation, independent of EGFR transactivation, which,
in turn, stimulates Akt and ERK1/2 phosphorylation. Previous
studies have shown that activated Src directly associates with
PI3K through interaction between the SH3 domain of Src
and the proline-rich motif in the p85 regulatory subunit of
PI3K, thereby increasing the specific activity of PI3K (59).
Furthermore, intermediary proteins have also been identified
to mediate Src-induced PI3K activation, such as p66Shc, Rapl,
and FAK. Thus, our study raises the possibility that Src activates
PI3K, although the specific mechanism for this effect remains to
be determined.

For certain GPCRs, Src has been shown to induce EGFR
transactivation, stimulate the PI3K-Akt pathway, and activate the
ERK1/2 cascade (43, 48, 70). A novel finding in our study is
the rapid and parallel phosphorylation of Src, PYK2, the EGFR,

Akt, and ERK1/2 in CRF R-expressing COS-7 cells stimulated
with CRF. Importantly, we demonstrated that inhibiting Src
function with PP2 markedly reduced or abolished the CRF-
stimulated activation of Src, PYK2, the EGFR, and ERK1/2,
suggesting that Src has a central role in regulating CRF;R
ERK1/2 signaling. Thus, our results clearly show that Src triggers
signal transduction by two important pathways culminating
in ERK activation by CRF;R: (i) EGFR activation of the
classical Ras/Raf/MEK/ERK pathway, and (ii) PI3K regulation
and subsequent activation of ERK1/2 (Figure 11).

To the best of our knowledge, our study demonstrates for
the first time that Src regulates ERK and Akt signaling by the
CRFjR. Yuan et al. (20) reported that Src was an upstream
regulator of ERK signaling by both the CRF;R and CRF;R in
the mouse atrial HL-1 cardiomyocytes cell line based on the
effects of antalarmin (a CRF;R antagonist) and anti-sauvagine
(a CRF;R antagonist). Although CRF;R was reported to be
expressed in the human heart (73, 74), Ikeda et al. (75)
reported that CRF,;,)R is the major CRF receptor expressed
in the HL-1 mouse atrial cardiomyocyte cell line with no
measurable level of CRFjR mRNA. Their data detecting only
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CRF;R expression in HL-1 cells is consistent with previous and
more recent studies demonstrating only CRF,R expression in
rat and mouse cardiomyocytes (19, 76, 77). Therefore, ERK1/2
signaling stimulated by Ucns in cardiomyocytes is mediated
through CRF,R, which appears to be the main mediator of the
cardiac stress response (78, 79), rather than through CRF;R.
Additionally, recent observations also indicate that CRF,R
controls the cellular organization and colon cancer progression,
specifically through the Src/ERK pathway (80, 81). Thus, while all
previous findings are relevant to CRF,Rs, our findings show for
the first time that Src plays an important role in the regulation of
ERK1/2 and Akt signaling by the CRFR.

An important finding of our study was the detection of a
signaling protein scaffold, which contains CRFR, Src, and EGFR
(Figures 6C,D). While the association between CRF;R and Src
was totally dependent on CRF agonist activation, a constitutive
interaction between CRF;R and EGFR was also detected, which
was increased after CRF stimulation. In this context, it has
previously reported that some GPCRs physically interact with
EGFR in the absence of receptor ligands, a condition that may
increase the efficiency of EGFR transactivation (29, 82-84). Thus,
it is possible that the detected constitutive association between
CRF R and EGEFR facilitates a more rapid CRF agonist-induced

recruitment of Src to the EGFR and subsequent phosphorylation
and activation of EGFR. With regard to this possibility, the
presence of a putative proline-rich domain-binding SH3 motif
(ProXXPro; X, any amino acid), located in the carboxyl terminus
of the CRF|R (Pro®?8Thr3%?Ser*00 pro0l) may provide a site
for the direct interaction between Src and CRF;R after agonist
stimulation. However, the CRF; R-A386 mutant, which lacks the
ProXXPro motif, induces a similar degree of ERK1/2 activation
that is induced by the wild-type CRF;R, which suggests this
putative region may not participate in the binding to Src
(Figure 10A).

Moreover, there is evidence that Tyr phosphorylation of
GPCRs plays a role in mediating GPCR-Src interactions (43). For
instance, in studies conducted in A431 epidermoid carcinoma
cells, stimulation of the B,-adrenergic receptor (B,-AR) with
isoproterenol, results in phosphorylation of the receptor on
Tyr30> (43, 85). The mutation of this residue to Phe abolishes
Src/B,-AR association and impairs Src activation. This residue
lies within a canonical Src SH2 binding domain, and it is
proposed that Src directly binds the Tyr-phosphorylated B,-AR.
Interestingly, the CRF;R has also a single putative SH2 binding
domain (TyrXX-hyd; hyd, hydrophobic amino acid) located at
the end of the third intracellular loop (Tyr**° Arg*10Lys*!! Ala312),
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which may be a site where Src can directly interact with CRF;R.
Further work is needed to establish the importance of this
putative site in the agonist-induced CRFR/Src interaction and
Src activation.

p-arrestins are a small family of cytosolic proteins initially
identified for their central role in GPCRs desensitization.
Furthermore, B-arrestins act as adaptors in clathrin-mediated
receptor endocytosis (86). In this sense, their role in CRF;R
homologous desensitization and endocytosis is well-recognized,
particularly for B-arrestin-2 (24, 63, 87). It is now well-
established, however, that f-arrestins can also act as GPCR-
signaling transducers that recruit and activate many other
signaling molecules, including Src, MAP kinase, NF-kB and
PI3K that modulate diverse cellular responses (64, 86).
B-arrestin regulation of CRF/CRF;R signaling is still not
fully understood.

Regarding P-arrestin regulation of CRF/CRF;R-mediated
ERK1/2  activation, B-arrestin-2-mediation of CRF;R
internalization participates in the late phase of sustained ERK1/2
activation after G protein activation and B-Raf mediate the early
phase of ERK1/2 activation (88). However, overexpression of
PDS-95 in HEK293 cells, a CRF; R-interacting protein, inhibited
CRF-induced-CRF;R internalization in a PDZ-binding motif-
dependent manner by suppressing P-arrestin-2 recruitment.
Intriguingly, neither the overexpression of PSD-95 nor the
knockdown of endogenous PSD-95 affected CRF-mediated
activation of ERK1/2 (89).

Under this experimental evidence and due to the importance
of B-arrestins in the scaffolding and activation of Src and
regulation of MAP kinase cascades, it was decided to evaluate
their role in the CRF/CRF;R-mediated ERK1/2 activation
observed in COS-7 cells. Using a phosphorylation-deficient
mutant CRF;R, which has a decreased interaction with f-
arrestin-2 (24), no significant changes in the activation of ERK1/2
were detected after agonist stimulation (Figure 10A), suggesting
that B-arrestin-2 is not involved in the CRF/CRF;R-mediated
ERK1/2 activation observed in COS-7. This finding, however,
can be explained in part by the low expression level of p-
arrestins in COS-7 cells (61, 62). This hypothesis is supported
by our data showing that overexpressing p-arrestin-2 in COS-7
notably increased the CRF/CRF;R-mediated ERK1/2 activation
(Figure 10B). Likewise, B-arrestin overexpression in COS-7 cells
has been found to augment CRF;R internalization (24). Thus,
our data provide evidence about the involvement of B-arrestin-2
in the CRF/CRF{R MAP kinase activation in cells with sufficient
B-arrestin expression.

Our findings on signaling pathways activated by CRF;R help
to elucidate the molecular mechanisms involved in response
to stress mediated by this receptor. For instance, kinases in
the ERK1/2-MAP kinase cascade, including Src and PYK2, are
highly expressed in extended amygdala and forebrain neurons
regulating anxiety defensive behavior and stress responsiveness
(90-92). Acute stress or central CRF administration induces
rapid phosphorylation of ERK1/2 in the basolateral amygdala
and hippocampal neurons and prominent anxiety-like behavior
in rats and mice (93-95). Furthermore, CRF;Rs can also
signal through other cellular pathways that may be involved in

post-traumatic stress disorder pathophysiology. As we showed
here, CRF;R activated by CRF stimulated rapid phosphorylation
of Akt at Ser?’® that is mediated by upstream Src and
PI3K. Preclinical research has shown that activated Akt in
the ventral tegmentum promotes resilience to anxiety- and
depressive-like responses to stress (3, 96), while high levels of
phosphorylated Akt in the dorsal hippocampus and basolateral
amygdala prolongs contextual and sensitized fear induced by
inescapable stress (3, 97). Therefore, the consequences of CRF;R
Akt signaling during trauma and severe stress may differ
depending on the brain region. Hence, ERK1/2-MAP kinase
and Akt cascade signaling by CRF;R regulated by Src, PYK2,
and EGFR may have critical roles in stress-induced anxiety
and depression.

CONCLUSIONS

In summary, the data presented herein establish that the tyrosine
kinase Src serves as a central upstream regulator of ERK1/2-MAP
kinase and Akt cascade signaling by the human CRF;R in COS-7
cells. Although CRF;R coupling to G proteins strongly activates
PKA and PKC pathways, neither second messenger kinases
were involved in CRF;R-mediated ERK1/2 signaling. However,
GPy released during activation of CRF;R by CRE, particularly
from G;, stimulates phosphorylation of Src and PYK2, which
in turn promotes transactivation of the EGFR through the
formation of a heterotrimeric complex formed by the association
of CRF R, Src, and EGFR. EGFR transactivation, which occurred
independent of MMP generation of the HB-EGF ligand, was
essential for CRF-stimulated ERK1/2 phosphorylation while
having only a small role in CRF;R-mediated Akt activation.
Although PI3K activation contributes to CRF-stimulated ERK1/2
phosphorylation, CRF;R-mediated EGFR transactivation is
independent of the PI3K/Akt pathway. In contrast, CRF;R
Akt signaling while also being mediated by generation of
GBy and phosphorylation of Src is weakly dependent on
EGEFR transactivation.
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the TSH Receptor
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G protein coupled receptors (GPCRs) can lead to G protein and non-G protein initiated
signals. By virtue of its structural property, the TSH receptor (TSHR) has a unique ability
to engage different G proteins making it highly amenable to selective signaling. In this
study, we describe the identification and characterization of a novel small molecule
agonist to the TSHR which induces primary engagement with Gqq,11 . To identify allosteric
modulators inducing selective signaling of the TSHR we used a transcriptional-based
luciferase assay system with CHO-TSHR cells stably expressing response elements
(CRE, NFAT, SRF, or SRE) that were capable of measuring signals emanating from the
coupling of Gus, Gag/11, Gpy, and Gy12/13, respectively. Using this system, TSH activated
Gas, Gagy11, and Gg12/13 but not Gg,,. On screening a library of 50K molecules at 0.1,1.0
and 10 uM, we identified a novel Gq/11 agonist (named MSq1) which activated Ggq/14
mediated NFAT-luciferase >4 fold above baseline and had an ECsg = 8.3 x 1079 M with
only minor induction of Gy and cAMP. Furthermore, MSq1 is chemically and structurally
distinct from any of the previously reported TSHR agonist molecules. Docking studies
using a TSHR transmembrane domain (TMD) model indicated that MSg1 had contact
points on helices H1, H2, H3, and H7 in the hydrophobic pocket of the TMD and also
with the extracellular loops. On co-treatment with TSH, MSqg1 suppressed TSH-induced
proliferation of thyrocytes in a dose-dependent manner but lacked the intrinsic ability to
influence basal thyrocyte proliferation. This unexpected inhibitory property of MSg1 could
be blocked in the presence of a PKC inhibitor resulting in derepressing TSH induced
protein kinase A (PKA) signals and resulting in the induction of proliferation. Thus, the
inhibitory effect of MSq1 on proliferation resided in its capacity to overtly activate protein
kinase C (PKC) which in turn suppressed the proliferative signal induced by activation of
the predomiant cAMP-PKA pathway of the TSHR. Treatment of rat thyroid cells (FRTL5)
with MSqg1 did not show any upregulation of gene expression of the key thyroid specific
markers such as thyroglobulin(Tg), thyroid peroxidase (Tpo), sodium iodide symporter
(Nis), and the TSH receptor (Tshr) further suggesting lack of involvement of MSqg1 and
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Latif et al.

Gqg Agonist Against the TSHR

Gagq/11 activation with cellular differentation. In summary, we identified and characterized
a novel Gyq/11 agonist molecule acting at the TSHR and which showed a marked
anti-proliferative ability. Hence, Gqg biased activation of the TSHR is capable of
ameliorating the proliferative signals from its orthosteric ligand and may offer a therapeutic
option for thyroid growth modulation.

Keywords: TSH, GPCR, gprotein, proliferation, agonist

INTRODUCTION

Traditionally GPCR drug development has focused on
conventional agonists and antagonists that are known to
act as “on-off” switches. However, there is growing appreciation
that GPCRs can mediate their physiologically relevant effects
through selective signaling due to subtle structural changes and
engagement of G protein and non-G protein effectors. Selective
signaling can be driven by endogenous ligands, synthetic
peptides or small molecules, which bind to the orthosteric or
allosteric site(s) and in turn bias the downstream signal. The
TSHR which is made up of a large glycosylated ectodomain
and seven transmembrane helices which are connected by
extracellular and intracellular loops (1) is structurally poised as a
candidate for allosteric modulation with its ability to engage all
four classes of G proteins (2). Studies using both modeling and
mutational analysis of the TSHR have indicated the structural
determinants of the G protein coupling to the receptor (3, 4).
However, it is not yet fully clear as to what preferential order
these different G proteins are engaged by the TSHR during
activation nor the exact intra- and -inter molecular interactions
leading to coupling of the different G proteins by TSH or TSHR
antibodies. However, crystallization of the partial ectodomain
with stimulating and blocking autoantibodies (5-7) together
with studies of the molecular rearrangement of the TSHR
ectodomain and hinge regions has given some recent insight into
the possible mechanism(s) of this activation (8, 9).

Small molecules can bind to the allosteric sites on the TSHR
TMD and ectodomain (10, 11) and are excellent tools to gain
insight into the potential for TSHR selective signaling. Their
unique ability to readily permeate the cell membrane and interact
with specific residues within the transmembrane helices can
induce subtle conformational changes (12-14). In recent years
there has been rapid development of small molecules, both
agonists (15-17) and antagonists (16, 18-20) against the TSHR
as part of a search for novel therapeutic agents. These various
small molecule ligands induce the Go,; pathway of the TSHR and
the possibility of selective Gag/11 activation by a small molecule
has not been explored. However, studies have indicated that such
selectivity in signaling can be established in GPCRs and not only
by different receptor subtypes (21, 22) but also via pathway bias
suggesting ligand selectivity can be a potential source of a defined
pharmacology for small molecules (23, 24).

Abbreviations: TSHR, Thyroid stimulating receptor; GPCR, G protein coupled
receptors; GD, Graves disease; TMD, transmembrane domain; GAPDH,
glyceraldehyde-3-phosphate dehydrogenase.

In this report, we describe the identification and in vitro
characterization of a novel small molecule that activates the
TSHR by preferentially initiating Gog/11 signaling and then
examined its biological consequences on thyrocyte proliferation
and gene expression.

MATERIALS AND METHODS

Establishing Double Transfected
CHO-TSHR Cell Lines

In order to identify the signaling through the four major
classes of G-proteins (Gus,Gag/11 and Ggiz/13 and Ggyyi) by
the TSHR, we generated double transfected CHO-TSHR stable
lines containing CRE, NFAT, SRE or SRE response elements
(RE) tagged to a modified form of luciferase reporter. These
double transfected stable clones were established by selecting
the cells with hygromycin (800 ug/ml) and 500 ug/ml of G418
(neomycin sulfate). Following initial screening and validation,
these stable cell lines were maintained in Ham’s F-12 medium
with 10% fetal bovine serum (FBS), 100 units of penicillin
and streptomycin with 200 ug/ml of hygromycin and G418 to
maintain the selection pressure in these co-transfected cells.
Using the individually co-transfected stable lines containing the
respective response elements, we screened a 50K chemical library
at 0.1,1 and 10 oM against CRE, NFAT, SRE and SRE cells in a
384 well format following the protocol described previously (17).

Treatment and Lysate Preparation

For downstream signaling studies, low passage number of FRTL5
cells were cultured in 60 mm dishes using Hams F12 medium
with 5% calf serum to which 1X 6H (6 hormone mixture) was
added as previously described (25). Once the cells reached 60-
80% confluence, cells were washed twice with plain medium and
then cultured further in Ham F12 medium containing only 5H
hormone (-TSH) for 72 hrs. Following this the cells were washed
twice with plain F12 medium and incubated for another 48h
in Ham’s F12 medium containing 0.3% BSA (basal medium).
These cells were then either stimulated with increasing dose
of MSql, TSH or MS438 or combination of TSH plus MSql
or TSH+MSql+ PKC inhibitor at 2 M (G06883) as per the
experimental details described under figure legends for 48 h at
37C. Lysates from these treated cells were prepared using 1X
Novagen phosphosafe extraction buffer as per the manufacturer’s
instructions and total protein in the lysate estimated by Bradford
(26). Further the proteins were resolved on 4-15% SDS-PAGE
and transferred to PVDF membranes by wet transfer and classic
immunblotting performed for detection of phospho protein after
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blocking membranes with 2% BSA for 2h at RT or subjected
to protein quantification using simple western system by the
WES machine for immunoblotting and detection (ProteinSimple,
Santa Clara, CA, USA).

Immunoblotting and Detection

In the present study, we quantitated the absolute response to
PKC and PKA in the lysate prepared from the treated cells as
descried above. pPKC was detected by classical immunoblotting
procedure described earlier (27) using commercially obtained
primary antibodies to pPKC PBII ser660, Anti-rabbit HRP
(1:20,000) in 1X tris-borate saline with tween 20 0.5% (TBST)
was used as detection antibody and the immunoblots developed
with ECL. Quantitation of pPKA was carried out using the
protein simple WES system after titrating the primary and
secondary antibodies against different concentrations of the
samples. Briefly, the WES protocol is as described here, first, a
0.2 pg of lysate was mixed with master mix to achieve a final
concentration of 1X sample buffer in the presence of fluorescent
molecular weight marker and 40 mM dithiothreitol, the samples
were denatured at 95°C for 5 min. Target proteins were immuno-
probed with primary antibody pPKA (thr197) followed by HRP-
conjugated secondary antibodies. All antibodies were diluted
using an antibody diluent at a 1:100 or 1:200. Detection of
ERK 44-kDa protein in the lysate using anti ERK served as
a positive run control in addition to the biotinylated ladder
for size estimation. P-actin was used as the loading control.
Digital images of the signal were analyzed with Compass software
(ProteinSimple), and the quantified data of the detected proteins
with the correct molecular weight is reported as signal/noise ratio
derived from average signal intensity exposures.

Proliferation Measured by Alamar Blue

Proliferation of FRTL5 cells was measured using Alamar Blue,
which monitors the reducing environment of the living cell.
The active ingredient is resazurin, which is a stable, nontoxic
and permeable compound, which accepts electrons and changes
from the oxidized, non-fluorescent, blue state to the reduced,
fluorescent, pink state. These studies were carried out on FRTL5
grown on black clear bottom 96 well plates. Cells in the log phase
were harvested by trypsin and seeded as 30 x 10° cells/well and
allowed to adhere to the bottom of plate in complete HamF12
medium by incubating the cells with 6H overnight at 37°C.
Following a 24 to 36 hrs incubation, the cells were culturally
prepared by removing TSH for 3 days prior to induction of
proliferation as described earlier. The cells were then exposed
to MSql, TSH or combination of both with and without the
PKC inhibitor as per the experiment described under figure
legends. For determining the effect of a small molecule or
TSH on cell growth, we had stimulated vs. unstimulated cells.
Following 48 h of treatment, Alamar Blue was aseptically added
to each well in an amount equal to 10% of the volume in the
wells. Cells with Alamar Blue were further incubated at 37°C
for another 5h prior to reading the plates. Proliferation was
assessed by measuring fluorescence intensity of the reduced dye
at 540/580 nm. Wells with media plus dye only was used as the
background control. Log change between untreated over that

of treated groups was deduced from the fluorescent intensities
obtained after background subtraction.

Docking and Contact sites

Docking of the lead MSql molecules was performed on a
homology model of the TSHR-TMD based on rhodopsin
(PDB:1F88). This template was chosen because of the low RMSD
values between the backbone of the TM helices of the TSHR
model and that of the rhodopsin x-ray crystal structure (14)
and fits the experimental parameters that we have previously
described (15). The initial homology model of rhodopsin TMD
was obtained from the Uniprot server (http://www.uniprot.org).
The conformations of the extracellular loops were constructed
with a Monte Carlo method (16). The 3D geometries of the
docked ligands were generated with MarvinSketch (http://www.
chemaxon.com). Multiple docking was carried out using the
programs Glide, Autodock-4 and Autodock-Vina. The docking
results were analyzed using Dockres and other supporting script
tools (17). In particular, Dockres extracts the coordinates of the
docked poses from the docking log file and identifies contacts
between the ligand and target as pairs of mutually proximal atoms
and hydrogen bonds (if any) as X...H-X" where X and X’ are
polar atoms (one on the ligand and the other on the target) with
X...H distance within threshold and X...H-X angle is greater
than 120 deg.

IP-One Assay

In principle PLC is the main intracellular effector enzyme of
Guyg/11-coupled GPCRs. PLC hydrolyzes PIP; into IP; and DAG.
The intracellular second messenger IP; is rapidly degraded by
phosphatases and recycled back via inositol into cell membrane
PIP,. Thus, for measuring Guq11 activation by MSql in
CHOTSHR cells we used the Cisbio IP-One Gq kit which is
a competitive immunoassay intended to measure myo-inositol-
Iphosphate (IP1) accumulation in cells. The inositol phosphate
accumulation assay utilizes the ability of lithium to inhibit
the breakdown of inositol monophosphates and detects this
accumulated IP1 by HTRE® technology. In the assay native IP1
produced by cells or unlabeled IP1 (standard curve) compete
with d2-labeled IP1 (acceptor) for binding to anti-IP1-Cryptate
(donor). The specific signal (i.e., energy transfer) is inversely
proportional to the concentration of IP1 in the standard or
sample. 50 x 10> CHOTSHR cells per well were seeded in 96
well black plates in complete Hams F12 medium and incubated
overnight at 37°C. The adherent cells were gently washed once
with warm plain medium with low serum (2%) and the cells
were treated with increasing doses of TSH (nU) or MSql (M)
in stimulation buffer containing 50 mM of lithium chloride. At
the end of 2h incubation the cells were lysed using the lysis
buffer provided and treated with detection antibodies as per
manufacture’s instructions and run along with the standards
provided in the kit. The measurement of acceptor (665nm) to
donor (620nM) emission was obtained using the microplate
plate reader ClarioStar and ratio calculated and interpolated to
standard curves to calculate the values of the unknown samples.
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TSHR Expression by Flow-Cytometry

ML-1 and FT236, two follicular cancer lines, were grown in
DMEM high glucose with 10 % FBS, 200mM glutamine, 1x
sodium pyruvate 1X Minimum essential medium with 100 units
of penicillin and streptomycin. The cells were detached from the
plate non-enzymatically using 1 mM EGTA/EDTA and washed
twice with 1X PBS, filtered using 75 micron filter and total
cells counted. 0.5 x 10° cells/tube were suspended in 100 ul
of FACS staining buffer (1X PBS with 0.2% sodium azide and
2% FBS) with anti TSHR mAb RSR1 mouse Mab (0.1 pg/ml)
and incubated for 1h at room temperature. Following 2x wash
with FACS buffer (1XPBS with 0.02% sodium azide) and the
bound TSHR receptor antibodies were detected using anti-mouse
antibody Fab’ phycoerthrin (PE) labeled secondary antibody at
1:200. Unstained cells, isotype antibody or secondary antibody
alone were used as controls in the assay. The results were
expressed as the percentage positive cells detected in the test
samples compared to the controls by the vertical gates assigned
based on the controls.

Gene Expression

For gene expression analysis, total RNA was extracted
using a RNeasy kit and was treated with ribonuclease-free
deoxyribonuclease. Five micrograms of total RNA were reverse
transcribed into ¢cDNA using the SuperScript III system. All
Q-PCRs was performed using the Step OnePlus Real-time
PCR system (Applied Biosystems, Foster City, CA). The
reactions were established with 10 WL of SYBR Green master
mix (Applied Biosystems, Foster City, CA), 0.4 pl (2uM)
of sense/anti-sense gene-specific primers, 2 pl of cDNA and
DEPC-treated water to a final volume of 20 pl. The PCR
reaction mix was denatured at 95°C for 60s before the first
PCR cycle. The thermal cycle profile was used is as follows:
denaturizing for 30s at 95°C; annealing for 30s at 57-60°C
(dependent on primers); and extension for 60s at 72°C. A total
of 40 PCR cycles were used. For each target gene, the relative
gene expression was normalized to that of the glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) housekeeping gene. Data
presented as fold change in relative gene expression are from two
independent experiments in which all sample sets was analyzed
in triplicate.

Statistical Analyses

All curve fitting and P value calculations (one-way ANOVA)
were carried using GraphPad Prism 5 software. All assays
were performed at least 2 or 3 times as indicated. In case of
immunoblot one representative experiment is shown.

RESULTS

Identification of a Unique Gq Activator

In order to identify allosteric ligands that can activate different
G proteins of the TSHR we first developed a series of CHO-
TSHR cells that were transfected with different response elements
tagged to luciferase that can specifically identify the activation

of specific G proteins as indicated schematically in Figure 1A.
The activation of these different response elements was validated
using bovine TSH as indicated in Figure 1B. This analysis clearly
indicated that TSH was capable of activating Gas, Gag/11, and
Gay2/13 in a dose-dependent manner. No activation was observed
of GPy in this system. The respective positive controls used for
each of the response elements are indicated and explained in the
figure legends.

Screening a 50K library at 0.1,1 and 10 pM against
this panel of stable CHO TSHR luciferase cells allowed us
to identify a small molecule, which preferentially activated
CHO-TSHR-NFAT luciferase cells. Further examination of
this Gq activator (named MSql) against CHOTSHR-NFAT,
which couples Ggyq/11, and CHOTSHR-CRE, which measures
activation via Gog, in a dose-dependent manner (Figure 2A)
showed MSql to be a potent activator of Gq with an ECsg
= 83 x 107°M after normalizing the data to max TSH
(10w U/ml). MSql had only minor activation toward Gs thus
making this molecule a preferential Gq activator. Structurally
this molecule differed from any of the known agonist or
antagonist small molecules (Figure 2B). Control studies with
MSql measuring its influence on activation in normal CHO
cells (without a TSHR) but transfected with either NFAT
luciferase or CRE luciferase at 10 wM showed no activation of
luciferase (Figure S1). We have shown that MSql is incapable
of activating either Gg, or Gjy/13 using the luciferase system
further confirming that this is a G4/11 biased novel small molecule
(Figure S2).

Binding Sites of MSq1 by Docking Studies
We examined the binding sites of this Gq activator by in-
silico docking using the structure of the TSHR TMD region
developed by homology modeling and based on the rhodopsin
crystal structure (as detailed in Methods). Using the top
scoring docking poses generated by Autodock-4 and the
criterion of <4A, the putative contact points of MSql within
the TSHR TMD were deduced. Like most allosteric small
molecules against the TSHR, the MSql sites were nestled in
the “hydrophobic pocket” formed by the different helices within
the TSHR TMD (Figure 3A). Further analysis indicated that
MSql made major contact points on the TSHR TMD helices
H1, H2, H3, and H7 within the hydrophobic pocket and the
extracellular loops including 1L2-3 & L4-5 (Figure 3B). When
these contact residues were compared to our Gog agonist
MS438 some overlapping, and some unique residues could
be observed as shown in Table 1 which lists the top-scoring
Glide, Autodock-4 and Autodock-Vina poses for both MS438
and MSql.

Downstream Signaling of the Gq Activator

Since the in-silico modeling confirmed the potential binding of
MSql to the TSHR TMD, we examined the key downstream
signals that are known to be driven by Gq activation. Activation
of PLC was assayed by measuring IP1 accumulation, which
showed that MSql and TSH were capable of significantly
increasing IP1 generation (Figure4A inset). Furthermore,
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FIGURE 3 | (A) Binding of MSg1 molecule to the TSHR TMD. A homology model of the TSHR transmembrane domain, previously described (28), was used as the
template for docking studies. Analysis of the Autodock results as detailed in Materials and Methods indicated that MSq1, like other small molecules, docks into a
hydrophobic pocket of the TSHR TMD and in this case makes contact with residues in helices H1, H2, H3, H6, and H7 and the extracellular loops 2,3 and 4,5. (B)
The TSHR TMD and its contact sites with MSqg1. On extracting co-ordinates of the docked poses using Dockres, the program showed contact resides against the
TSHR TMD (red semi asterisks) assessed by the criteria of < 4A as indicated in this diagram. Furthermore, these contact residues in the TSHR TMD and their location
within the TMD residues are indicated along with the contacts for MS438 in Table 1 for comparison.

TABLE 1 | TSHR residues on the TMD that MSq1 and MS438 contact.

MS438 MSq1
TSHR residue Residue No # Ballest # rG(I-P) rA(L-P) rV(l-p) rG(L-P) rA(L-P) rV(L-P)
LEU 10 1.35 3.1 3.6 3.1
VAL 14 1.39 3.2 3.4
VAL 17 1.42 3.4
LEU 60 2.57 3.2 3.2 3.2
LEU 61 2.58 3.2 3.1
ALA 64 2.57 2.9 2.8 3.5 2.9 2.8
ASN 76 L (2-3) 31 2.8 3.6 2.9
TRP 81 L (2-3) 3.8 3.1
CYS 87 3.25 3.6 3.6
ALA 90 3.28 4.0 3.7 4.0
GLY 91 3.29 3.0 3.6 3.6
THR 94 3.32 2.8 2.7 3.8 3.5 3.7
VAL 95 3.33 3.1 3.6 3.1 3.6
SER 98 3.36 3.3 3.4 34 34
GLU 99 3.37 3.7
LYS 158 L (4-5) 3.2
VAL 159 L (4-5) 3.4 3.5 3.7 41
ILE 233 6.51 3.2 3.4 3.4
LYS 253 7.42 3.3 3.8 3.3
ILE 254 7.43 3.3
VAL 257 7.46 3.7 2.7 3.6 3.2 3.3 34
LEU 258 7.47 3.1 3.2 3.5 34
TYR 260 7.49 3.2 3.5
PRO 261 7.50 3.1 3.0 3.6 3.1 3.7
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FIGURE 4 | Gq signaling by MSq1. (A) Since Gq activation is known to result in an IP1 increase via PLC-p activation, we measured IP activation in CHO-TSHR cells
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treated with MS438 10 uM, TSH 1,000 pU/mL and MSg1 10 uM for 24 h and the immunoblots probed for pPKC. MSqg1 increased pPKC when compared to the
unstimulated cells (lane 0). The 42KD g actin was used as the loading control (*P < 0.05, ***P < 0.0001).

using phospho-specific antibodies against PKC, we observed
that MSql significantly enhanced pPKC compared to both
TSH and MS438 in thyroid (FRTLS5) cells (Figure 4B, upper
panel). However, no significant enhancement of pERK or
pAKT was observed by MSql activation (Figure 4B, lower
panel). These downstream signaling studies indicated that MSql
had the ability to activate the two major arms of Gog11
signaling as shown by NFAT-luciferase activation and enhanced
PKC activation.

Inhibition of TSH Induced Proliferation by

G.q/11 Activation

The physiological significance of cAMP signaling by Gay
coupling on thyrocyte growth and proliferation is well-
established. Since the effect of Gag/11 on thyroid cell proliferation
is not clear we examined the action of MSql on proliferation
of thyrocytes using rat FRTL5 cells. As indicated in Figure 5A,
MSq]l failed to enhance basal proliferation of thyrocytes while
one of our previously published TSHR agonists (MS438) showed
a dose-dependent increase in proliferation and which is known
to activate the cAMP-PKA pathway like TSH. In contrast,

in the presence of 10* wU/ml of TSH, MSql inhibited the
TSH induced proliferation of thyrocytes in a dose-dependent
manner suggesting a suppressive action of Gq activation on
the proliferative capacity of the TSH induced Gs-cAMP-PKA
pathway (Figure 5B). This inhibition was only observed in TSH
dependent thyrocytes and ML-1 cells derived from a human
follicular carcinoma line with a high expression of TSHRs
(75% expression of cell surface TSHR as established by flow
cytometry) (Figure 6A) or FTC 236 cells, another follicular
carcinoma line which totally lacks cell surface TSHR (Figure 6B),
did not respond to MSql actions (Figures 6C,D). Examining
gene expression for common thyroid differentiation markers
such sodium iodide symporter (NIS), thyroglobulin (Tg) and the
TSHR by qPCR, we did not find these markers to be upregulated
in treated cells, suggesting that MSq1 activation of Gag/11 lacked
the ability to affect thyrocyte differentiation markers (Figure S3).

Release of Inhibitory Effect on Proliferation
by PKC Inhibition

In order to examine the mechanism of the suppression of TSH
induced thyroid cell proliferation we used a broad-spectrum
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PKC inhibitor (G06983) in the presence of TSH and MSql.
As shown earlier, MSql treatment at 10 wM caused inhibition
of TSH induced proliferation. However, in the presence of the
PKC inhibitor, inhibition of proliferation by MSql was markedly
reduced (Figure7A). On quantitating the PKA signal using
Western blotting with an anti PKA antibody, we observed that
cells treated with TSH and MSql in the presence of the PKC
inhibitor for 48h showed significantly enhanced PKA signals
compared to MSq1 plus TSH or TSH alone (Figures 7B,C). These
data demonstrated that enhancement of the PKC signal by MSq1
inhibited the cAMP-PKA pathway induced by TSH activation in
the thyrocytes.

DISCUSSION

TSH is known to induce engagement of all four classes of G
protein (2) with the TSHR. However, the major pathway activated
by TSH is the Gas pathway via PKA (29). The consequence of
changing this selection is not well-understood. In particular, the
role of the Gog/11 pathway via PKC has not been clearly clarified
and it is unclear whether overt activation of this pathway has any
cellular consequences. Therefore, identifying selective allosteric
activators, which are biased to activating a G protein class, is
one way of studying the mechanism of TSHR selective signaling
and its physiological or pathophysiological effects on thyroid

and extra thyroidal TSHRs. This is especially so when knock-
out mouse models, which although a very valuable research
tool for studying gene function, have their limitations in terms
of producing an observable change and may even produce
unexpected characteristics which in certain situations cannot be
extrapolated to humans (30). In this report, we present data on
the identification of a potent Gog 11 activator against the TSHR
and our examination of its effects on thyrocytes.

In recent years high-throughput screening assays, combined
with in silico structural approaches and medicinal manipulations,
have resulted in the identification of a number of specific
and potent agonists (16, 17, 31) and antagonists (18, 19, 32)
against the TSHR which effectively activate or inhibit Gas
initiated signals such as the cAMP-PKA pathway. Using a
“tool kit” of CHO-TSHR cells harboring CRE, NFAT, SRF
or SRE response elements tagged to luciferase, as shown in
Figure 1A, we identified potent and specific Goag/11 selective
small molecules. Our search found a molecule (MSql) unlike
our previously reported (17) agonist molecules which is biased
toward Gogy11. TSH activates predominantly Gas (33) and
Gog/11 when used in high (non-physiologic) concentrations
(34, 35). Coupling of Gag/11 to the TSHR leads to activation
of phospholipase C (PLC) which in turn triggers the release
of intracellular calcium [Ca?t], and NFAT and alternatively
activates protein kinase C (PKC) and its downstream effector
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MAP kinase (MAPK). The normal physiological consequences of
activating Ga in thyrocytes are proliferation, hormone synthesis
and thyroglobulin (Tg) iodination (29, 36). However, the
physiological or pathophysiological control of Gag/11 signaling
in thyrocytes or extrathyroidal TSHRs is not well-characterized
despite multiple reports. For example, conditional deletion of
Gog/11 in mouse thyroid resulted in hypoplastic thyroid glands
and severe hypothyroidism (34). It has also been shown that
Gog/11-PKC dependent activation in TSHR transfected papillary
cancer cells (line FTC236) resulted in the upregulation of a
class of redox and metal ion scavengers which are cysteine-rich
proteins known as metallothioneins (MTs) (37). Studies have also
shown an indirect relationship of Gag1; activation to thyroid
peroxidase formation (34, 38) and a congenital hypothyroidism
phenotype (39).

Our docking studies with a modeled TMD (28) showed that
the Gog/11 activator molecule binds within the hydrophobic
pocket of the TMD. By this analysis we saw that in addition to
overlapping contacts with our agonist MS438 (Go; dominant),
the MSql molecule also made contact with some unique resides
helping to explain its selective allosteric Gog/11 activation

(Table 1). Furthermore, docking MSql to the TSH binding
surface of the ECD resulted in docking scores that were
more than 4 kcal/mol weaker than the top scores observed
when docked to the TMD. Such differences represent ~786
times weaker binding indicating that this molecule, like our
previously reported small molecules, is can be a allosteric
molecule (17).

Despite tremendous progress into the molecular mechanism
concerning contacts and activation of G proteins by GPCRs
(40, 41) our understanding as to how structurally distinct
ligands may lead to the stabilization of different “active states”
of the receptors remains open. Homology modeling of the
TSHR with the Gq heterodimer combined with mutational
analysis of the transmembrane domain has indicated the
principal determinants leading to the complex interaction
(4, 14, 42) suggesting spatial conformation for selective G
protein activation.

In this study, we observed that MSql is an activator of
PLC (Figure 4A) and its downstream effectors—PKC and NFAT
activation (Figure 4B). MSql showed increased phosphorylation
of PKC. However, we failed to see any up regulation in the
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mRNA levels of thyroid specific genes in contrast to the effect
of TSH or our small molecule agonist MS438. On examining
the proliferation of these cells, MSql alone did not induce any
proliferation as seen with MS438 or TSH. It is generally accepted
that the proliferation of thyroid cells by TSH is mediated in
large part by the cAMP-PKA pathway (43, 44). In contrast,
the MSql molecule showed the unique ability to suppress TSH
induced proliferation. Since we did not observe any blockade
of TSH induced cAMP by MSql (Figure S4) we hypothesized
that suppression must be due to interference with the cAMP-
PKA pathway and most likely by PKC activation. There exists
cross-talk in downstream signaling of GPCRs (45) and it has been
previously shown that PKC can suppress PKA induced activation
(46) and functional interference between cAMP/PKA and PKC
pathways is possible (47, 48). Thus, experiments carried out in
the presence of a PKC inhibitor confirmed that inhibiting PKC
in the presence of MSql and TSH showed a marked reduction
in the suppressive effect of MSql on proliferation. Furthermore,
pPKA levels showed a significant increase after exposure to the
PKC inhibitor. The only study which supports a physiological
role for the Gag 11 mediated signaling pathway in TSH induced
hormone synthesis (34) was performed in Go,q/11 knock out mice.
However, the action of MSql on proliferation is opposite to the
Gog/11 study. Our model would suggest that overt activation

of the cAMP-PKA pathway by high concentrations of TSH
leading to increased proliferation might be kept in check by the
PLC-PKC pathway via Gq and thus maintain a balance in the
endogenous proliferative capacity of thyrocytes differing with
data that contradicts much of the literature which suggested that
TSH stimulates differentiation and not proliferation of normal
human thyrocytes (49).

In conclusion, we have identified a novel Gog/1 biased
modulator of the TSHR with inhibitory effects on thyrocyte
proliferation. The data illustrate the intertwining molecular
mechanisms leading to this action. This raises the prospect
of modulating biased TSHR signaling for more specific
pharmacologic responses.
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